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CHAPTER 1
SCOPE OF THE WORK
1.1 Introduction
The diesel engine was invented by Rudolf Diesel to supply power for the
stationary applications in 1893, and it has become a popular choice for trucks, trains,
boats, and most other heavy-duty applications. In the United States of America, dieselpowered ground vehicles are the core force of the supply and distribution network,
moving million tons cargo every day. In addition, all over the world, particularly in
Europe, diesel power increases the number of passenger cars and light-duty trucks.
The inherent benefits of diesel engine are high thermal efficiency and specific power
output, but there is a concern about high levels of engine-out NOx and particulate
matter emissions, which are major contributors in environment pollutant. In order to
reduce the effect of vehicular NOx and particulate matter emissions on human and
environmental health and to meet the current emission standards imposed by
Environmental Protection Agency (EPA), the diesel fuel has to be produced under
narrow specifications [1]. Moreover, concern about the crisis of crude oil reserves,
increasing gas price, trade deficit, and homeland security increases the interests in
alternative fuels, such as bio-diesel [2-5], Jet Propellant-8 (JP-8) [4-10], and FischerTropsch (F-T) synthetic fuels [11-16] including synthetic paraffinic kerosene (SPK) [17-
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21], which is a Gas-to-Liquid (GTL) fuel, and isomerized paraffinic kerosene (IPK) [13,
20-24], which is a Coal-to-Liquid (CTL) fuel.
While many alternative fuels have been under investigation, biodiesel has been
extensively

studied

in

terms

of

autoignition

and

combustion

characteristics,

performance, fuel economy, NOx emissions, particulate matters, and durability [25-29].
Biodiesel has a lower volatility and a higher CN than ultra low sulfur diesel (ULSD).
Another alternative fuel that is widely used in military vehicles is JP-8. According to the
single fuel policy, military diesel engines use aviation fuel JP-8 fuel, and might have to
use other fuels such as synthetic S-8, and Sasol IPK which are low in aromatic and
sulfur content [10, 30, 31].
Alternative fuels have a wide range of the properties, such as volatility, cetane
number, density, viscosity and lower heating value, which affect engine performance,
fuel economy, and engine-out emissions [32-36]. Therefore, it is necessary to
understand the effect of different fuel properties on the autoignition and combustion
processes in order to enable diesel engines to operate efficiently, without penalties in
power and emissions while using alternative fuels as extenders, or even substitutes of
the conventional diesel fuel.
The dissertation covers a detailed investigation of the autoignition, combustion,
and emission characteristics of some alternative fuels and their surrogates in three
different combustion systems. The first is a constant volume vessel used in the Ignition
Quality Tester (IQT) where the fuel is injected in stagnant air kept at a constant high
pressure and temperature before fuel delivery. The second is an optically accessible
rapid compression machine (RCM) where the fuel is injected in air in motion, at high
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pressure and temperature but its volume is constant. The third is a single-cylinder
research diesel engine where the fuel is injected in compressed air with a changing
volume related to the reciprocating motion of the piston near top dead center. This
research diesel engine is known as PNGV (Partnership for Next Generation of Vehicle).

1.1 Dissertation Outline
This dissertation includes the following sections: chapter 2 is a broad literature
review on the investigation of autoignition and combustion characteristics in
fundamental devices and internal combustion engines. It also covers review on the main
characteristics of alternative fuels with respect to the autoignition process. And the
specific literature reviews of different subjects are included in each following chapters.
IQT and engine instrumentation, controller, data acquisition system, and emissions test
bench used in the study are provided in chapter 3.
The main contributions of the dissertation are included from chapters 4 to 8. In
Chapter 4, a detailed investigation that study the autoignition characteristics based on
pressure signal under different operating conditions is performed, and physical and
chemical delays are determined by comparing the results of two tests. The first was
conducted with fuel injection into air according to ASTM standards where combustion
occurred. In the second test, the fuel was injected into the chamber charged with
nitrogen. The physical delay is defined as the period of time from start of injection (SOI)
to point of inflection (POI), and the chemical delay is defined as the period of time from
POI to start of combustion (SOC). Also, the simulation results of the IQT CFD model
agree well with these experimental findings. Further, the spray pattern of the IQT has
been studied via simulation model. In chapter 5, autoignition characteristics of different
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fuels at different test conditions are compared. Moreover, the activation energy of each
fuel is calculated and compared based on total ignition delay (ID), physical ID, and
chemical ID.
The ignition quality of a fuel has a major impact on the autoignition, combustion,
fuel economy, performance and emissions of compression ignition diesel engines. The
ignition quality of a fuel is rated by its cetane number (CN). A higher CN implies better
compression ignition quality of the fuel, which produces shorter ID. A lower CN fuel
produces longer ID, higher rates of pressure rise, pre-mixed burn fraction, and peak
pressure, which result in unacceptable noise and vibration, and high mechanical and
thermal stresses. In chapters 6 and 7, the effect of cetane improver on autoignition,
combustion, and emission characteristics of synthetic coal-derived low CN Sasol IPK is
investigated in both IQT and PNGV single cylinder diesel engine. Moreover, the
activation energies of original and CN improved Sasol IPK fuels are compared, and
correlation between activation energy and the concentration of cetane improver in Sasol
IPK is developed.
Gaining a better understanding of the autoignition and combustion characteristics
of alternative fuels [6, 9-11, 13] via experimentation is very challenging because the
combustion mechanisms with thousands species are not known. Thus, a surrogate fuel
that mimics the properties of the real fuel is used to study the combustion process. In
chapter 8, the importance of volatility in surrogate development for diesel engine
applications is examined in the fundamental experimental devices in terms of spray,
autoignition, and combustion characteristics in multi-phase heterogeneous combustion
conditions. Moreover, a two component surrogate is further evaluated in PNGV single
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cylinder diesel engine at different operation conditions. The results show that the
surrogate fuel can accurately imitate the combustion and emission characteristics of
parent fuel in the diesel engine.
Finally, an overall summary for the dissertation conclusions is covered in chapter
9.
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CHAPTER 2
LITERATURE REVIEW
2.1 Introduction
Diesel engines are definitely the highest thermal efficiency among all other types
of internal combustion (IC) engines. The diesel engine was invented by Rudolf Diesel as
an efficient replacement for stationary steam engines in 1893. Since the 1910s, they
have been used in submarines and ships. In the 1930s, they slowly began to be used in
a few automobiles. After 1970s, diesel engines have become a popular choice for on
and off-road vehicles, trains, boats, and most heavy-duty applications. However, the
soot emissions, relatively high noise, and cold start problems inhibit the growth of diesel
engine in the market.
Modern diesel engines are required to meet very stringent emission standards,
without penalty in performance and fuel economy. Moreover, concern about the crisis of
crude oil reserves, increasing gas price, trade deficit, and homeland security enhances
the interests in using alternate fuels on diesel engines. However, unlike traditional diesel
fuel, alternative has a large variation in fuel composition and properties, such as
density, distillation curve, cetane number, aromatic content, and etc., which has a
strong impact on autoignition and combustion characteristics, performance, and
emissions. Therefore, understanding the influence of fuel properties on autoignition,
combustion, and emission characteristics is essential to optimize the engine control
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strategies to meet the demands of engine performance, fuel economy, and emission
regulations.
In this chapter, a broad review is provided that covers the CN scale, autoignition
process, and effect of fuel properties and composition on autoignition, combustion, and
emissions. And specific literature reviews of different subjects are included in each
following chapter.

2.2 Cetane Number Scale and Measurement
Research has been done during the past decades to rate the ignition quality of
different fuels in diesel engines. The ignition quality of the fuel has a major impact on
the autoignition, combustion, fuel economy, performance and emissions of compression
ignition (CI) diesel engines. A poor ignition quality fuel produces longer ID, higher rates
of pressure rise, pre-mixed burn fraction, and peak pressure, which result in
unacceptable noise and vibration, and high mechanical and thermal stresses.
The history of rating ignition quality of diesel fuels started in 1923 by Hesselman
[37]. In 1931, LeMesurier and Stansfield [38] showed that combustion knock was
related to delay that occurred between the fuel injection and start of sharp pressure rise.
They also reported that different engines seemed to have slightly different relative
effects on the tested fuels. In the same year, Boerlage and Broeze [39] suggested an
engine-test method for rating diesel fuels. The tests were conducted in a relatively slow
speed engine. And each fuel was rated with respect to the blend of cetene (C16H32),
and mesitylene, also called 1,3,5-trimethylbenzene (C9H12) that matched the ignition
delay (ID) of the fuel. The results showed good correlations and indicated that different
engines and operating conditions had a slightly effect on the rating.

8
In 1932, Pope and Murdock [40] reported test results in a modified CFR knocktesting engine, which has a variable compression ratio. The rating of a fuel was based
on lowest compression ratio, at which the sample fuel just ignite under controlled
operating conditions. However, the rating of the fuel seemed not to be practical due to
the fairly high cycle-to-cycle variation at such borderline running conditions. In the same
year, Boerlage and Broeze [41] proposed that rating of ignition quality could be made in
terms of “cetane numbers”, by using cetene (C16H32) and alphamethylnaphthalene
(C11H10), as primary reference fuels. In the following year, Boerlage and Broeze [42]
reported the progress on cetane rating tests. Tests were performed with a knock meter
delay method, which had been widely used later on. And this method was further
developed by Rendel [43] and Waukesha Motor Company, which has been tentatively
used for diesel fuel rating. In 1935, the ASTM [44] replaced cetene with n-cetane, also
called n-hexadecane (C16H34), as a standard reference fuel with highest rating of 100,
because its ignition quality is similar to that of cetene, but it is more stable in the
storage.
From 1933 to1937, Schweitzer et al [45-47] proposed three different methods for
rating diesel fuels by bomb tests, engine tests, and physic-chemical methods. They also
indicated that ID can be a criterion to rate the different behavior of diesel fuels in a high
turbulence Cooperative Fuels Research (CFR) engine and the rating of the fuels could
be expressed in terms of cetane number, according to the scale as follows:

In 1962, ASTM [48] replaced alphamethylnaphthalene with the new low-cetane
number reference fuel, heptamethylnonane (HMN), also called iso-cetane. The cetane
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rating of HMN is 15 on the scale. According to ASTM [48], the definition of CN is the
whole number nearest to the value determined by calculation from the percentage by
volume of n-cetane in a blend with HMN, which matches the ID of the sample fuel when
compared by the ASTM D613 method. The matching blend percentages to the first
decimal are inserted in the following equation to obtain the CN.

According to this ASTM cetane method, the CN of diesel fuels can be rated
between 100 and 15. However, fuels below CN of 15 cannot be defined by this standard
method.
In 1965, the US Army Fuels and Lubricants Research Laboratory [49] reported a
study using variable methods to determine the CN of low ignition quality fuels. In 1968,
a comprehensive study was performed on the feasibility of four alternative methods by
Urban and Gray [50]. The first method was to blend normal cetane with fuel sample and
the CN of fuel sample was calculated based on the blends. However, the results were
unsatisfactory. The second method was to develop the correlation between cetane and
octane numbers. The converted CNs from ONs were less reliable than measured CNs.
The third method was to modify the test procedure by using a long ID period of 17 crank
angle degrees (CAD) instead of standard 13 CAD. However, the rating of low ignition
quality fuels was insignificantly improved [51, 52]. The fourth method was to use
oscilloscope and associated transducers instead of ASTM ID meter which has high
variation with low ignition quality fuels. The problem was found that the accuracy of this
method highly depended on the operator’s ability to average the erratic readings of ID
meter or oscilloscope [52].

10
In 1978, Henein and Elias [52] found that the cycle-to-cycle variations observed
in the combustion of low ignition quality fuels decreased at higher intake air
temperatures which resulted in a more stable operation of the ignition delay meter. They
developed a modified cetane scale by raising the CFR engine intake air temperature
from 150°F to 350°F without any changes in the rest of the rating procedure. The
modified scale was able to measure the CN of low ignition quality fuels with a CN as low
as zero.. In 1987, Henein [53] identified problems in the current cetane scale. These
include its invalidity of correlating the CN and the ID for different fuels under different
engine operating conditions. He recommended that the ID should be correlated in terms
of the integrated mean temperature and pressure during the ID, and the global
activation energy of the autoignition reactions of the fuel which can be a function of the
CN. Also, he stated that the cold-startability of the engine cannot be correlated with the
CN only; other fuel properties such as volatility should be included in cold startability
investigations.
Additional studies reported the limitation of using ASTM D613 to rate the ignition
quality of fuels, particularly alternative fuels, which is the which have been considered
as replacement of regular diesel fuels [54, 55]. Siebers [56] conducted a series of
ignition quality tests for diesel and alternative fuels in a constant volume chamber. The
ignition characteristics of the fuels were compared with that of primary reference fuel
(PRF), blends of n-cetane and HMN. He found that the current defined CN cannot
provide a consistent and accurate measure of ignition quality of fuels, whose ignition
process was different than the PRF blends, such as sensitivity to ambient temperature,
single- and two-stage ignition behavior. Moreover, cold-start ability cannot be simply
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determined from their respective CN. He suggested that the possible reason could be
the blends of n-cetane and HMN do not model the ignition characteristics of all fuels.
In the same year, Ryan [57] examined the physical and chemical ID of alternative
fuels in a constant volume vessel, compared to that of the PRF fuels. He found that the
same CN fuels produced different physical and chemical delay from each other due to
different properties of fuels, such as viscosity, volatility, density, compositions, and etc.
In addition, the ID is highly dependent on the operating conditions, such as temperature
and pressure.
In 1987, Ryan [58] performed a detailed ID study of PRF, blends of pure
components, diesel, and alternative fuels at different pressures and temperatures. He
proposed that it is very feasible to provide an indication of CN of fuels by using a simple
combustion bomb, which can predict CNs within ±2 units and better. Next year, Ryan
[59] stated that the ID of a fuel is inversely proportional to the charge temperature, but
charge density had a slight effect on ID. The ID decreases as the increase in oxygen
concentration. Moreover, higher CN distillate fuel has lower apparent activation energy.
In 1995, Aradi and Ryan [60] used PRF and secondary reference fuels (SRF) to
calibrate constant volume combustion apparatus (CVCA) and performed the ID tests for
the fuels with different cetane improvers. The strong correlation existed between CN
and ID results from CVCA at the test conditions of the CFR engine specified during
rating the ignition quality of fuels.
From 1996 to 2001, Allard et al [61-64] developed Ignition Quality Tester (IQT)
based on the success of CVCA experimental device. The IQT system is composed of
three main components: a constant volume combustion chamber, a single-shot injection
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system, and a data acquisition system. The design improvements to the (1) mass of fuel
injected, (2) injection pressure, (3) nozzle opening pressure, and (4) temperature control
have been optimized in order to achieve the stability of injection behavior, which affects
the cycle to cycle variation in the ID measurement. Results indicated that single-shot
injection system must be accurately controlled to obtain a high level repeatability.
Moreover, a model based on ASTM Check Fuels was developed and validated using
ASTM NEG Fuels and blends of PRF. Results from the validation process showed that
the IQT provides reliable estimates of the CN within the good precision range of the
D613 test method. Further, Round Robin tests were performed in two laboratories,
which indicate the variability of IQT was approximately 2 times better than the ASTM
D613. Since 2003, IQT CN measurement method has been published as ASTM
standard D6890 [65], which has the following benefits over the D613 method: (1)
improved precision, in terms of repeatability and reproducibility, (2) short test time (3)
less sample volume requirements, (4) complete test automation, and (5) high reliability
and ease of maintenance.

2.3 Autoignition Process and Ignition Delay
Autoignition process includes overlapping physical processes that lead to the
formation of an autoignitable mixture and chemical processes that start the combustion
process. During the autoignition process in diesel engines, chemical reactions are the
controlling process rather than the physical process [66]. A better understanding of the
autoignition and combustion characteristics of diesel fuels is very important in the
development of techniques to improve engine performance and fuel economy, and
reduce emissions [3, 67-70].
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Many researchers have divided the autoignition and combustion process into
stages. First stage that includes the SOI, fuel evaporation, combustible mixture
formation, endothermic and exothermic reactions, is called delay period. The duration of
this period significantly affects the intensity of subsequent burning, resulting in noise
and roughness. During the past 50 years, lots of research has been conducted in
constant volume chambers and engines to determine the factors that affect this ignition
delay period.
Studies of the autoignition of fuel and air mixtures, and ID measurement started
in 1922 by Tizard and Pye [71, 72]. The experiments were made on gaseous fuels
under static and turbulent conditions in a high compression machine with variable
compression ratio (CR) from 6:1 to 9:1. It was observed that a delay period existed
before the sharp pressure rise due to combustion, which also decreased with the
increase in turbulence.
From 1923 to 1927, Alt [73], Neumann [74], and Sass [75] studied combustion of
liquid fuels in diesel engines, and proposed that preliminary evaporation of the fuel was
not necessary to produce ignition. Tausz and Schulte [76-78] established the idea of
physical delay period in liquid fuel combustion from 1925 to 1928. They indicated that
initial ignition cannot take place in the liquid phase, and fuel should be evaporated
before ignition. In 1932, the idea of physical delay was further established by
photographs taken by Rothrock and Waldron [79, 80]. It was observed that vaporization
is prior to the occurrence of ignition, and the rate of evaporation affected the process of
combustion.
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In 1931, the variation in the pressure rise delay with the increase in pressure was
measured by Boerlage and Broeze [81]. They found a hyperbolic relationship between
the pressure rise delay and compression pressure as follows:

Further, they concluded that the pressure rise delay was related to the thermal
condition and molecular structure of fuels, by comparing the ID results between cetene
(C16H32) and tetroisobutylene (C16H32) [41].
In 1932, Gerrish and Voss [82] introduced a different definition of the delay
period. They proposed the end of ID was the point at which 4 X 10 -6 lb fuel had been
effectively burned. They conducted the test in a single cylinder NACA universal test
engine [83] and concluded that an increase in intake temperature, air pressure,
compression ratio, and engine speed reduced the delay period.
In 1936, Wentzel [84] calculated the physical delay period by conducting a
theoretical analysis of the heating and vaporization process of fuel droplets in the diesel
engine. He compared the calculated values of physical delay with the measured values
of pressure rise delay in a constant volume vessel [85], and found large deviation
between the two values. He explained the reason could be the improper assumptions in
the calculation or the existence of chemical delay period. In the same year, Holfelder
[86] measured the illumination delay in a constant volume vessel at different air
temperatures and density. The pictures of the combustion process were taken for
different fuels.
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In 1938, Wolfer [87] measured the pressure rise delay in two different constant
volume bombs, and developed a correlation of this delay with the air pressure and
temperature as follows, where P is in atmospheres and T in degrees Kelvin.

This equation provided fairly accurate results for the fuels having CN more than
50. In addition, he concluded that ID was independent of air/fuel ratio, shape of the
combustion chamber, the fuel nozzle, the injection pressure, turbulence, and the fuel
temperature.
In 1938 and 1939, Selden [88, 89] investigated the effect of air temperature and
density on the pressure rise delay in a cylindrical bomb. He also concluded that air/fuel
ratio had no effect on the ignition delay. Furthermore, he found that the decrease in ID
with increase in temperature and density became smaller at extremely high
temperatures and densities environment.
In 1939, Schmidt provided a formula for the chemical ignition delay for the simple
case of bimolecular reaction between two gases without a chain reaction as shown
below. He considered the pressure would appear as a power with an exponent n,
because of the intermediate chain reactions.

where P and T are the initial pressure and temperature respectively, a’ is a factor
dependent on the air/fuel ratio, B is a factor that allows for the reduction of ignition delay
resulting from the increased rate of burning during the delay period, which is due to the
temperature rise within this interval.
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Later, he reduced the formula to the Wolfer equation as below, because he
noticed that the effect of exponential function was predominant that less changes in

,

a’, and B were not important.

In the same year, Bauer [90] introduced a formula, in which the ignition delay is a
function of T and logP, where P is in atmospheres and T in degrees Kelvin.

Or

He measured the illumination delay in an engine, and calculated the mass
average temperature at the end of illumination delay with a polytropic coefficient of 1.3.
The formula was derived by trial and error, covering the experimental data with
reasonable accuracy. It should be noted that Bauer’s equation indicates that ID is a
function of

. However, equations proposed by Wolfer, Schmidt, and Semnov [91]

indicate that ID is a function of

.

In 1941, West and Taylor [92] measured the pressure rise delay in a single
cylinder open chamber diesel engine with a compression ratio of 15.8 at a speed of
1000 rpm. The test results supported the Bauer’s equation that ID was correlated in
terms of TlogP.
In 1946, Starkman [93] investigated the effect of pressure, temperature, and
fuel/air ratio on the pressure rise delay in a constant volume bomb and the CFR diesel
engine. The volume of the bomb is close to the clearance volume of the engine. He
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concluded that the ID was reduced with increase in pressure, temperature, and fuel/air
ratio. And the ID in the engine is shorter than that in the bomb.
In 1949, Elliott [94] provided a formula for the ignition delay as the summation of
the physical and chemical delays based on the correlation between pressure rise delay
and temperature, by analyzing the experimental data of Mueller [95], Wolfer, and Jost
[96]. And the formula was found to be in agreement with Starkman’s results [93].
For methylnaphthalene the formula is

For cetane the formula is

In 1952, Hurn and Hughes [97] measured the pressure rise delay of different
fuels in a constant volume chamber at different pressures and temperatures. The
minimum ID was achieved at a certain percentage of oxygen. It was also observed that
the discrepancy in ID among different fuels decreased with the increase in air pressure
and temperature.
In 1956, Hurn et al [98] investigated the factors that dominate fuel evaporation
and chemical energy release in the autoignition process. The fuels with different
volatility were injected into a constant volume bomb. The results showed that heat
release due to chemical reactions occurred after a time interval when fuels were
vaporized. The evaporation time interval was affected significantly by the physical
properties. Fuel volatility and chemical structure had relatively little effect on the rate of
heat transfer to the fuel droplet during the physical delay. The chemical delay period
was affected by the fuel composition.
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In 1956, Yu et al [99] studied the change in pressure during the ID period in a
single cylinder engine. They concluded that the maximum pressure drop depended on
the properties of the fuel, particularly the CN. In addition, they also stated that fuel
volatility had little effect on the rate of heat transfer to the fuel.
In the same year, El-Wakil et al [100] conducted detailed analysis on the time
interval from the SOI to the end of the pressure rise delay. They studied the spray
break-up process and droplet vaporization and indicated that spray break-up was not an
important part to the physical delay period. Moreover, they found that the pressure rise
delay is shorter in the engine than in a constant volume vessel.
From 1957 to 1961, Garner et al [101, 102] measured the illumination delay in
CFR diesel engine, and calculated the heat release during the delay period. They
indicated that the pre-flame heat release is constant for any fuels and the released
energy is proportional to the delay period.
In 1962, Tsao et al [103] applied the infrared technique to record the temperature
inside the combustion chamber of a modified CFR engine. The temperature rise delay
was obtained at different intake temperatures, pressures, fuel quantities, and engine
speed for different fuels. They correlated these variables with temperature rise delay as
follows:

It should be noted that this is the first equation that takes engine speed into the
consideration to correlate with ID period.
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In 1963, Sitkei [104] measured illumination delay in a single cylinder engine with
a pre-combustion chamber and in an air cell engine. He considered the illumination
delay consisted of physical delay, cool flame delay, blue flame delay, and explosion
flame delay. And it was very difficult to separate blue flame delay and explosion delay.
He estimated the physical delay to be equal to 0.5 milliseconds and developed the
expression formula for illumination delay, where P is in atmospheres and T in degrees
Kelvin.

In 1966, Lyn and Valdmanis [105] investigated the effects of air pressure, air
temperature, and injection system parameters on the pressure rise delay in two
engines, coupled with Schlieren photographic method [106]. They concluded that incylinder pressure, charge temperature, and injection timing are the factors that directly
affect the pressure rise delay. Swirl motion, injection pressure, and nozzle configuration
has minor effect, and air/fuel ratio has the negligible effect on the delay period.
In 1967, Henein and Bolt [107, 108] measured the pressure rise delay and
illumination delay in a modified single cylinder diesel engine. The studied operating
variables were air pressure, fuel/air ratio, cooling water temperature, and engine speed.
They found that the illumination delay period is longer than pressure rise delay. And the
pressure rise delay is more reproducible than illumination delay. They also concluded
that delay period decreases with the increase in air pressure, fuel/air ratio, cooling water
temperature, and engine speed. The injection pressure has minor effect on pressure
rise delay, but significant effect on illumination delay. Moreover, the correlation between
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the pressure rise delay and in-cylinder air pressure is developed, which is the same
form as the formula of Wolfer and Schmidt.

In 1969, Henein and Bolt [109] investigated the effect of air charge temperature
on ignition delay period for diesel, CITE, and gasoline in a single cylinder diesel engine.
It was observed that the pressure rise delay decreased continuously with the increase in
the air charge temperature. And low CN fuel, such as gasoline, has a higher rate of
reduction in ID than high CN fuel, such as diesel. All the fuels produced similar ID
period at the extremely high charge temperature condition. The correlation of pressure
rise delay with mean temperature during the delay period for the three fuels was
developed in the form of Arrhenius equation.

The apparent activation energy, Ea, was calculated for the fuels within the
temperature range in the investigation. It was observed that low CN fuel has a higher
activation energy, and high CN fuel has a lower activation energy. Further, a
relationship was found to exist between the apparent activation energy and CN of the
fuel. Hence, they proposed that it is possible to calculate the ID of the fuel from its CN.

In 1985, Ryan [57] measured the physical and chemical delay periods for
different fuels in a constant volume vessel. The fuel were injected first into air and then
into nitrogen environment under same thermal conditions. The combustion occurrence
was observed in the pressure trace for the fuel injected into air charge. And no
combustion was observed in the pressure trace for the fuel injected into the nitrogen
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charge. In both cases, the pressure drop was due to the fuel evaporation. Hence, he
proposed that physical delay (τp) is from the SOI to the point where air and nitrogen
cases diverge, and chemical delay (τc) is from the divergent point to the point where
pressure trace of air crosses the initial pressure value, as shown in Figure 2.1.
He found out the chemical delay is shorter for the high CN fuel, and longer for the
low CN fuel. In addition, he stated that the ID is highly temperature dependent, and the
ID of low CN fuel (HMN) is more sensitive to the temperature than that of high CN fuel
(hexadecane), as shown in Figure 2.2.

Figure 2.1 Pressure trace for blend of hexadecane and HMN in both air and nitrogen [57]
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Figure 2.2 Total ignition delay versus temperature for hexadecane and HMN [57]
In 1987, Ryan and Stapper [58] measured total ID period for different fuels with
wide range of properties and CNs in a constant volume bomb at different temperatures.
The experimental results revealed that the physical delay period is independent of both
CN and the test temperature. On the contrast, chemical delay is sensitive to the
temperature, which is the controlling factor during the autoignition process. Moreover,
the correlation between total ID and temperature was developed in the form of
Arrhenius equation, as shown below, where τd is the total ID, T is temperature in
degrees Kelvin, B is in terms of activation energy. It should be noted that the formula
has the same form as Henein’s equation [109].

In 1988, Ryan and Callahan [59] continued to investigate the effect of
temperature, pressure, and air/fuel ratio on the ID period in the constant volume vessel.
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The ID was inversely proportional to the gas temperature at each oxygen concentration.
The ID increased with the decrease in the oxygen concentration. The charge density
had small effect on the ID period. Hence, the relationship was proposed as shown
below, where τd is ID in millisecond, (O2) is oxygen concentration, (F) is fuel
concentration, ρ is gas density, T is gas temperature in degrees Kelvin, and b i is
regression coefficients.

In 1987, Henein and Akasaka [110] investigated the effects of CN, temperature,
injection pressure, and fuel properties on ID in a CFR single cylinder engine. They
found that ID for high CN fuel depends only on its CN, but ID for low CN fuel also
depends on the physical properties and composition in addition to its CN. Hence, the
function of ID was proposed in terms of temperature (Tm), pressure (Pm), CN and fuel
specific properties (S), as shown below.

It was observed that two-stage autoignition occurred for all fuels at the fairly low
air temperatures and pressures, resulting in a relatively long ID period. The critical
temperature and pressure at which two-stage ignition takes place increased with the
decrease in CN, as shown in Figure 2.3.
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Figure 2.3 Effect of mean gas temperature and pressure on two-stage ignition [110]
In 1990, Kwon et al [111] measured pressure rise delay and illumination delay in
a single cylinder diesel engine and in a constant volume chamber. The ID in the engine
was measured by changing parameters, such as injection timing, injection pressure,
swirl ratio, engine speed, injection quantity, nozzle hole diameter, and piston shape.
The results showed that the pressure rise delay decreased with increase in
temperature, and the illumination delay was shorter than pressure rise delay at all
injection timing. However, the effects of swirl ratio, engine speed, injection quantity, and
nozzle hole diameter on ID were very small at all charge temperatures. And the ID in
the engine was shorter than that in the constant volume. Further, the correlation
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between the ID and temperature were derived for the range of pressure from 25 bar to
30 bar.

In 2000, Higgins et al [112] investigated the ignition and premixed-burn phases of
direct-injection diesel spray in a optical constant volume over a range of charge
temperature and density. It was observed that the increase in charge temperature
shorten the ignition process. The ignition delay also was reduced with increase in gas
density due to increase the air entrainment rate, causing faster vaporization and air/fuel
mixing, hence speeding the pre-ignition reactions. The difference between pressure rise
delay and illumination delay decreases with increasing temperature. Moreover, twostage ignition was observed during the delay period, and the duration of both stages of
the ignition process increased with the decrease in temperature and density.
In 2004, Taylor et al [113] investigated the ignition delay of a fuel or pure
compound in the IQT constant volume combustion bomb at different temperatures
conditions. The results were plotted as a log of the ID versus the inverse of temperature
as shown in Figure 2.4. It was observed that the ID decreased with increasing
temperature in a nonlinear relationship, because the rate is not an elementary reaction
and the physical delay, such as spray break-up, evaporation, and fuel/air mixing, is
lumped with the chemical process.

26

Figure 2.4 Ignition delay data versus the inverse of temperature for different fuels [113]
In 2006, Taylor [114] continued the investigation on ID using IQT constant
volume vessel. The studied operating variables are temperature, pressure, and oxygen
concentration. It was observed that the ID decreased with the increase in temperature,
pressure, and oxygen concentration. A simplified the global rate model was developed
to express the correlation between the ID and the factors of temperature, pressure, and
oxygen concentration, as shown below, where A is the pre-exponential constant, Ea is
the activation energy, R is the universal gas constant, and b is the reaction order for
oxygen concentration.
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Furthermore, using the rate expression and correcting the pre-exponential value
for engine specific conditions, it is feasible that this type of formulation can be used to
predict ID over a wide range of conditions.
In 2005, Kook et al [115] conducted tests in a high-speed, direct-injection, optical
accessible diesel engine over a wide range of charge dilution and injection timing, in
order to measure the ID at different temperature, pressure, and oxygen concentration
conditions. They suggested that ID cannot be only correlated with ambient temperature,
but also influenced by pressure and oxygen concentration. Therefore, the ID expression
was proposed in the form of Arrhenius, as below, where A and n are constants, p is the
ambient pressure, R is the universal gas constant, and XO2 is oxygen mole fraction, and
Ea is an apparent activation energy for the autoignition process.

For the tested fuel, this equation was in a good agreement with experimental ID
at all temperatures, pressures, and oxygen concentrations, as shown in Figure 2.5.
They concluded that ID decreased not only by fuel injected into high ambient pressure
and temperature, but also influenced by high O2 concentration.
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Figure 2.5 Correlation of ignition delay with average ambient temperature, pressure and
O2 concentration [115]
In 2008, Jansons et al [116] investigated the parameter that control the
autoignition behavior in a small-bore, single cylinder, optical accessible diesel engine.
Three types of autoignition were observed depending on the operating conditions: 1) a
single ignition, 2) a two-stage ignition where low temperature heat release (LTHR) or
cool flame precedes the main combustion, and 3) a two-stage process where the LTHR
is separated from main heat release due to negative temperature coefficient (NTC)
regime. They concluded that LTHR and NTC regimes can be obtained in direct-injection
diesel engines under both low temperature and pressure conditions, or at high
temperature and pressure operation with EGR, where lack of oxygen is the major factor.
From 2008 to 2010, it was stared from Nagaraju et al [70, 117], followed by
Kaushik [3, 118], Nargunde [119], and Dahodwala [120] studied the effect of biodiesel
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on the autoignition and combustion process in a single cylinder diesel engine. They
divided the rate of heat release (RHR) traces in seven zones and conducted a detailed
analysis, as shown in Figure 2.6.

Figure 2.6 Rate of heat release showing the areas that represent the different process
during autoignition and combustion [70, 118, 119]


Area 1: Represents the heat transferred from the fresh charge to the liquid fuel
for evaporation and endothermic reactions.



Area 2: Represents the energy produced from the exothermic reactions of the
evaporated and premixed charge, starting the cool flame.



Area 3: Represents the rest of the energy produced by the cool flame, before the
start of the NTC regime.



Area 4: Represents the energy released from the cool flame at a lower rate (in
the NTC regime).
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Area 5: Represents the energy released in the first part of the premixed
combustion fraction, which starts at the end of NTC and ends at the peak of
RHR.



Area 6: Represents the energy released in the second part of the premixed
combustion fraction, which starts from the peak of RHR to the start of mixing and
diffusion controlled combustion fraction.



Area 7: Represents the mixing and diffusion controlled combustion fraction,
which starts from the end of premixed combustion fraction to the exhaust valve
open.
It was observed that area 3 and area 4 represented for the cool flame and NTC

regime, which was experienced at high percentages of EGR rates in the single cylinder
engine while running on the biodiesel blends.
In 2010, Bogin et al [121] measured ID for Fuels for Advanced Combustion
Engine (FACE) with a wide range of temperatures, pressures, and oxygen
concentrations in the IQT. The correlation between ID and operating conditions such as
temperature, pressure, and oxygen concentration was established according to a
simplified global rate model developed by Taylor et al [113, 114], as shown below,
where A is the pre-exponential constant, P is pressure in bar, b is the pressure
exponential term, XO2 is the oxygen mole fraction, c is the oxygen fraction exponential
term, Ea is the apparent activation energy in kJ/mol, R is the universal gas constant, and
T is temperature in degrees Kelvin.
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They also proposed that the ID can be predicted by using the calculated
Arrhenius parameters fitting into the global rate model. Moreover, the parameters may
reveal new metrics and connections between fuel ignition performance and chemical
composition. It should be noted that the global rate model is in the same form as Kook’s
ID expression given in Eqn. (2.21) [115].
In 2013, Bogin [122] investigated the NTC regime for five C7 isomers in the IQT
across a wide range of pressures and temperatures. It was observed that the LTHR and
NTC occurred at low pressure and temperature condition, as shown in Figure 2.7. The
NTC region is important to low-temperature oxidation kinetics and the overall ignition of
alkanes. Therefore, they proposed that the IQT can be a complementary research
apparatus to RCMs and shock tubes for validating chemical mechanisms of low volatility
fuels.

Figure 2.7 Pressure traces show the drop due to evaporation followed by LTHR before
main ignition event at pressure of 0.5 MPa and temperature at 723 K, 2,2,3-TMB (yellow
circle), is plotted on the upper x axis while the other fuels: 2,3-DMP (blue diamond), 2,4DMP (green triangle), 3-EP (red ×), nH (black box) are plotted using the lower x axis [122]
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In the same year, Rothamer and Murphy [123] measured ID in a 2.44 L heavyduty single-cylinder diesel engine for five fuels: jet-A, three blends of Sasol IPK and jetA, and #2 diesel at different pressures and temperatures. They suggested that ID can
be very well correlated to several parameters, such as temperature, density, and
oxygen concentration, in the form of Arrhenius expression, as shown below.

where A is the pre-exponential constant, ρ is the ambient density, E a is the activation
energy, R is the universal gas constant, and T is the ambient temperature. The
coefficients from the curve fits for all the fuels are shown in Table 2.1.
Table 2.1 Curve fit parameters for ID correlations [123]
Fuel
Diesel
Jet-A2
JB1
JB2
JB3

A (ms)
0.326
0.308
0.304
0.349
0.338

N
-0.838
-0.805
-0.817
-0.708
-0.844

Ea/R (K)
33400
32700
34200
28400
33500

2.4 Effect of Fuel Properties and Composition on
Autoignition, Combustion, and Emissions
Transportation fuels, such as diesel, gasoline, jet fuel, and alternative fuels, are
composed of thousands of species [124-128], and have different fuel properties. Fuel
properties impact on the engine performance, fuel economy, and emissions through the
influence on the physical process associated with fuel injection, jet penetration,
entrainment, and fuel-air mixing, as well as the chemical process associated with fuel
chemical structure, aromatic content, molecular weight, and additive concentrations.
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The demands of meeting the stringent emission regulation and improving the engine
performance drives the need for a deeper understanding of the changes to the engine
behavior caused by the variation of fuel properties.
In 1979, Burley and Rosebrock [129] tested forty-six fuels in a modern
automotive diesel engine, and studied the effect of fuel characteristics on emissions and
fuel economy. Regression analysis of results revealed a relationship between
particulate emissions and two fuel characteristics: aromatic content and volatility,
particularly as described by the 90% boiling point (T90). Moreover, particulate matters
could be reduced by lowering either aromatic content or T90.
In 1984, Wall and Hoekman [130] studied the effects of fuel composition on
diesel exhaust particulate emissions at several steady-state operating conditions in a
heavy-duty engine. They suggested that particulate emissions were related to sulfur
content, aromatics content, and volatility. Sulfur content was the dominant factor in
particulate formation at all loaded operating condition, except at low load. Aromatic
content and volatility affected the formation of carbonaceous material. Further, they
concluded that PAH levels were affected by engine operating conditions rather than fuel
composition.
In 1985 and 1986, Barry et al [131, 132] investigated the effect of fuel
composition (volatility, aromatics and sulfur) on the combustion and emissions
performance in a Caterpillar 3406B turbo-charged diesel engine. Tests were operated at
both steady-state and transient conditions to evaluate the combustion and emissions
performance. The results indicated that the changes in the volatility or aromatic content
had no significant effect on particulates, smoke emissions, or gaseous emissions, but
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increasing in NOx emissions. And sulfur content was expected to be related to the
increase in particulate matters. They also concluded that engine operating conditions
had the major effect on hydrocarbon levels rather than fuel composition. PAH emissions
did not significantly increase with increasing aromatic content at levels below 35%.
In 1987, Callahan et al [133] evaluated the effects of fuel properties on diesel
spray characteristics in several injection systems. Tests were conducted on nine fuels
covering a wide range of viscosity and specific gravity. It was noticed that viscosity
affected the penetration rate, cone angle, and drop-size distribution; however, specific
gravity had a negligible effect on these parameters. As viscosity increased, penetration
rate decreased and drop-size increased in terms of Sauter mean diameter (SMD). The
cone angle of the fuel spray for all the injectors was found to decrease with increasing
viscosity, except pintle type nozzle.
In 1987, Henein and Akasaka [110] investigated the effects of CN and fuel
properties on ID in a CFR single cylinder engine. They found that the physical
properties of some fuels affected the pre-ignition physical process, such as spray
formation, evaporation, and fuel/air mixing, and hence influence the length of the total
ID in diesel engines. Moreover, they proposed that the CN for fuel can be expressed as
a function of fuel composition, as expressed in terms of the n-paraffins, iso-paraffins,
and aromatics. The formula was developed as below:

where n-para is normal paraffins, C-ave is average carbon number, arom is aromatics.
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In 1993, Ryan and Erwin [134] investigated the fuel composition on ignition and
emissions in both a constant volume combustion apparatus and a single cylinder diesel
engine for the fuels with a broad range of physical and chemical properties. The results
indicated that the ignition quality of a fuel is not only dependent on the overall aromatic
content, but also on the composition of the substance formed during hydroprocessing of
the aromatics. However, the NOx emissions were related to the aromatic content of the
fuel, and the structure of the aromatic species. Hydrocarbon emissions and smoke were
both related to the physical properties of viscosity and boiling point distribution, as well
as the chemical structure of the fuel.
In 1998, Canaan et al [135] verified and characterized the effect of fuel volatility
on maximum liquid-phase fuel penetration for a variety of diesel fuels under realistic
diesel engine operating conditions, using laser elastic-scatter imaging. In addition to
liquid-phase fuel penetration, ID was obtained for each fuel from needlelift signal and
apparent rate of heat release. For all fuels examined, it was observed that initially the
liquid fuel penetrates almost linearly with respect to crank angle until reaching a
maximum characteristic length. And maximum liquid-jet penetration increased with
increase in fuel mid-boiling point in a linear relationship. However, no general
correlation was observed between mid-boiling point and measured ID, which indicates
that chemical process dominate over the physical process during the autoignition.
In the same year, Ryan et al [136] examined the effects of the fuel properties on
engine exhaust emissions, performance, and heat release rates in a Caterpillar 3176
engine. Cetane number was varied from 40 to 55, and aromatic content ranged from 10
to 30 percent in two different forms, one was mainly mono-aromatic species and the

36
other was di- and tri-aromatics. The results indicated that no significant differences were
observed in the emissions due to changes in the targeted fuel properties.
In 2000, Kidoguchi et al [137] investigated the effects of fuel properties on
combustion characteristics and emissions such as NOx, smoke, hydrocarbon and
particulate matters in a direct-injection diesel engine. Fuel properties, such as CN and
aromatic content, are varied independently in the experiments to separate their effects.
The results revealed that reducing CN results in the increase of NOx and decrease of
particulates at high load. It is due to the low CN fuel has the long ID, resulting in high
premixed combustion. But high hydrocarbon emission was produced at low load for the
low CN fuel. The aromatic content had insignificant effect on combustion characteristics,
such as the cylinder pressure and rate of heat release; however, NOx and particulate
increased with increase in aromatic content. In the case of high injection pressure, fuel
properties showed negligible effects on particulates, compared with the low injection
pressure condition. It is due to that high injection pressure enhanced turbulence mixing
and made uniform distribution of fuel and temperature. Moreover, the short combustion
duration and low particulates can be obtained in the high injection pressure condition.
In 2003, Montajir et al [138] examined the mixture formation behavior using
Schlieren method in a constant volume combustion chamber (CVCC) at elevated
temperature and pressure for the blends of normal paraffin fuels. The autoignition
behavior was tested in a Fuel Ignition Analyzer under different test conditions. They
found that the evaporation rate and ID increased with the decrease in the chain length
of the normal paraffin fuel, as shown in Figure 2.8. In addition, the flash-boiling
phenomenon affects the fuel evaporation rate and ID to some extent.
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Figure 2.8 Autoignition behaviors of pure compounds [138]
In 2003, Kewon et al [139] investigated the effect of fuel composition on
combustion, gaseous emissions, and detailed size distributions of diesel particulate
matter (PM) in a modern heavy-duty diesel engine for three different fuels: 1) No 2
diesel (D-2), 2) ultra low sulfur diesel (ULSD), and 3) Fischer-Tropsch (F-T) diesel. They
found that the fuel composition significantly affected combustion, mass loading,
chemical composition, and number concentrations and size distributions of PM. Mass
loading, and sulfates were significantly lowered with the ULSD and F-T at higher loads.
The ULSD and F-T produced more nuclei-mode particles (NMPs) and less
accumulation-mode particles (AMPs) than D-2 at high load conditions. In contrast,
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ULSD and F-T produced less NMPs and more AMPs than ULSD at the medium load
conditions.
In 2006, Papagiannakis et al [7] evaluated the suitability of JP-8 aviation fuel in
various types of diesel engines at a wide range of engine load and speed operating
conditions in terms of cylinder pressure, fuel consumption, and emissions. The results
revealed that JP-8 produced short ID, low peak pressure at part load and high engine
speeds, but similar fuel consumption, compared to that of diesel fuel. They also found
that JP-8 produced less CO and HC emissions, while no significant influence on the
NOx emission. Soot emission was slightly increased for JP-8 at part load but decreased
at high load, compared to normal diesel.
In 2007, Kotsiopoulos et al [140] determined the effects on performance and
emissions of using biodiesel or F-34 aviation fuel instead of diesel fuel in a high speed
DI single cylinder engine. They observed that F-34 produced slightly lower peak
pressure and NOx emission at part load than diesel, but slightly higher fuel consumption
and soot emission. On the other side, biodiesel produced higher peak pressure and fuel
consumption at part load than diesel, but lower NOx and soot emissions.
In 2007, Fernandes et al [141] studied the effect of physiochemical properties of
JP-8 on engine performance, fuel economy, and engine-out emissions in a 12.7 liters, 6
cylinders, turbo charged heavy-duty diesel engine at different load and engine speed.
They observed that JP-8 produced longer ID although it has higher volatility than diesel.
This was attributed to its lower CN compared to diesel fuel. The longer ID of JP-8
combined with its high volatility resulted in greater premixed combustion than diesel,
leading to higher peak of rate of heat release. Furthermore, it was noticed that JP-8
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produced less torque at all tested points, compared to diesel fuel. They suggested it is
because the lower density and viscosity of JP-8 resulted in the decrease in the fuel flow
rate and increase in leakage losses.
In 2008, Nagaraju et al [70] determine the effect of B-20 (a blend of 20%
soybean methyl ester biodiesel and 80% ultra low sulfur diesel fuel) on the combustion,
performance, and emissions in a High Speed Direct Injection (HSDI) diesel engine.
They found that B-20 produced 29% shorter ID than ULSD. This was not attributed to
the initial stages of fuel evaporation and the formation of an ignitable mixture, but the
enhancement of the exothermic reactions due to the oxygen atom in the fuel. In
addition, the fuel consumption was higher for B-20 as compared to ULSD, due to its
lower heating value.
In 2009, Acharya et al [3] determine the effect of the percentage of biodiesel in
the blend with ULSD on autoignition, combustion and engine-out emissions in a high
speed direct injection single cylinder diesel engine at same combustion phasing. They
concluded that the increase in the percentage of biodiesel in the blend reduced the ID,
heating value, evaporation rate, peak of heat release rate, peak pressure, peak
temperature, and gaseous emissions of NOx, HC, and CO.
In 2008 and 2009, Pickett and Hoogterp [10], followed by Kook and Pickett [33],
examined the effect of fuel volatility on liquid phase penetration length, vapor
penetration and ignition delay for JP-8 in an optical accessible constant volume vessel.
It was noticed that the spray lengths for JP-8 were shorter than reference D-2 fuel, due
to its lower boiling point and higher volatility, resulting in faster evaporation. They
suggested that the combustible mixture for JP-8 would be more than D-2 fuel before the
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ignition, but it does not mean that JP-8 would autoignite ahead of D-2 fuel. Moreover,
JP-8 produced longer ID than D-2 fuel, indicating ID had a strong correlation with CN
rather than volatility.
In 2010, Wadumesthrige et al [17] investigated the feasibility of using ultra low
sulfur diesel (ULSD), synthetic paraffinic kerosene (S-8), military grade jet fuel (JP-8),
and commercial B-20 blend (20% volume basis biodiesel in ULSD) in a CI engine at
60% of full load for 240 hours. Several fuel properties were evaluated, such as CN,
lubricity, viscosity, cold flow properties, heat of combustion, distillation temperatures,
and flash point. The results showed that S-8 produced the lowest brake specific fuel
consumption (BSFC) of 0.267 ± 0.019 kg/kW-hr and the highest brake thermal
efficiency (BTE) of 0.309 ± 0.005 %, compared to 0.308 ± 0.001 kg/kW-hr BSFC and
0.287 ± 0.002 % BTE for ULSD. It was also observed that both ULSD and B20 showed
the highest stability in the generator in terms of frequency and power. On the other side,
S-8 had the most unstable generator frequency and power due to its lower viscosity,
while JP-8 had acceptable stability. These instabilities increased with increasing engine
load, and analysis of lubricating oil after 240 hours of each fuel usage did not show any
indication of wear in engine parts.
In 2011, Jayakumar et al [142] examined the effect of intake temperature on
autoignition characteristics of different fuels in a single cylinder diesel engine. They
noticed that Sasol IPK with CN 31 exhibited NTC regimes during the autoignition
process at low load conditions for all temperatures, while the two-stage autoignition was
not observed for the other fuels, such as ULSD, JP-8, and S-8. Moreover, they
suggested that the global apparent activation energy calculated from Arrhenius
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correlation in the investigation cannot be related with CN alone, since low CN Sasol IPK
had lower activation energy and high CN JP-8 had higher activation energy.
In 2012, Schihl et al [13] studied the ignition behavior of a coal-to-liquid FischerTropsch Sasol jet fuel in a single cylinder diesel engine at different load, intake
temperature, and pressure. JP-8, Sasol JP-8, and blends of JP-8 and Sasol (50-50%
vol) were tested and compared to the reference diesel fuel. The results showed that
Sasol aviation fuel exhibited poor ignition behavior over a range of cylinder
temperatures and pressures due to its low CN. Blends of Sasol and JP-8 produced the
shorter ID than Sasol, and exhibited the similar heat release traces to JP-8 and diesel.
They noticed that the ignition behavior of Sasol was similar to other fuels at the
temperatures exceeding 850K. Moreover, the ID became less sensitive to the cylinder
pressure at temperature near 950K.
In 2012, Hui et al [20] investigated the fundamental combustion characteristics of
six alternative jet fuels in terms of Derived Cetane Number (DCN), autoignition
response, laminar flame speed, and extinction stretch rate for premixed combustion in
Fuel Igniter Tester, rapid compression machine, and counterflow burner respectively,
compared to commercial Jet-A fuel. It was observed that the DCNs of alternative jet
fuels were higher than that of Jet-A except for Sasol IPK. They suggested that this was
attributed to Jet-A contains about 20% aromatics while IPK consists mostly of isoparaffin and cyclo-paraffin, all of these compositions are less reactive compared to nparaffins. It was also noticed the autoignition response of alternative jet fuels was faster
than Jet-A, and autoignition behavior can be very sensitive to the fuel composition and
chemical structure. Moreover, there was no significant difference of laminar flame speed
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between alternative jet fuels and Jet-A, while alternative jet fuels were more resistant to
extinction than Jet-A. They suggested that the lower extinction limit of Jet-A could also
be caused by its aromatic content.
In 2013, Rothamer and Murphy [123] measured ID in a 2.44 L heavy-duty singlecylinder diesel engine for five fuels: jet-A, three blends of Sasol IPK and jet-A, and #2
diesel at different pressures and temperatures. The results indicated that physical
properties, such as volatility, viscosity, and etc. had minimal effect on the autoignition
process.

2.5 Summary of Chapter 2
Many studies have suggested that cetane number is the most important
parameter of a fuel, contributed to ignition delays, sharp pressure rise, and vibration
noise; in which, the ID can be expressed as a form of Arrhenius equation, and its value
depends on the variables, such as temperature, pressure, and oxygen concentration.
Volatility contributes in fast fuel evaporation and formation of combustible mixture
before start of combustion. CN and volatility of a fuel could potentially affect on engine
performance, stability, fuel economy, and characteristics of autoignition and combustion
under incorrect operating conditions. The effect of variation of fuel properties for
alternative fuels on engine durability has been highlighted as well.
However, most of the achieved research has been conducted based on high
ignition quality fuels, such as biodiesel and JP-8 with CN higher than ULSD. Few
studies show the autoignition and combustion characteristics of low ignition quality
fuels, such as synthetic Sasol IPK. Also, limited publications reported the effect of fuel
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volatility on autoignition and combustion characteristics in diesel engines, particularly
JP-8 and synthetic fuels.
Therefore, more experimental study and analysis are needed to gain a better
understanding of the effect of fuel properties on autoignition, combustion, performance,
and emissions under compression ignition conditions to evaluate the operational
capability of diesel engines filled with alternative fuels. In addition, specific literature
reviews of different subjects are included in the following each chapter.
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CHAPTER 3
EXPERIMENTAL SETUP
3.1 Introduction
Ignition Quality Tester, optically accessible rapid compression machine, and
PNGV single cylinder diesel engine were used in the dissertation: (1) the IQT is
comprised of a constant volume combustion chamber with external electrical heating
elements, a pneumatically driven mechanical fuel pump, a single-hole pintle-type
injector nozzle, an intake system, an exhaust system, a data acquisition system, and a
cooling system. The IQT test bench is shown in Figure 3.1; (2) the RCM consists of an
optically accessible combustion chamber, pneumatically driven piston, common rail
injection system, solenoid single-hole injector, and intake and exhaust system. The
RCM test cell and instrumentation are shown in Figure 3.2; (3) the PNGV single cylinder
engine has a Mexican type piston bowl, high pressure common rail (HPCR) injection
system, solenoid injector, swirl-control valves, and exhaust gas circulation valve (EGR).
The engine test cell and instrumentation are shown in Figure 3.3. A brief description for
experimental devices and instrumentation is given in this section.
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Figure 3.1: Ignition Quality Tester bench

Figure 3.2: Rapid compression machine test cell
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Figure 3.3: PNGV single cylinder diesel engine test cell

3.2 Ignition Quality Tester
The IQT is a bench-scale device, which is originally designed to measure the
cetane number of a fuel. It comprises of a constant volume combustion chamber with
external electrical heating elements, a fuel injection system, an intake system, an
exhaust system, a data acquisition system, and a cooling system. The combustion
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chamber is a cavity along a central axis of the body, having a volume of 0.213±0.002L,
which is pre-heated to the standard test temperature of approximately 828 K by nine
cartridge-type resistance heaters. The charge air pressure and temperature are
2.137±0.007 MPa and 818 ± 30 K respectively [65]. The IQT is a high temperature
combustion device that simulates compression temperatures in diesel engines, but at a
reduced air pressure.
An inward opening single-hole pintle-type nozzle, as shown in Figure 3.4, was
selected by Advanced Engine Technology (AET) for its satisfactory hollow spray cone
atomizing characteristics with a broad range of different diesel fuels with varying fuel
properties [61]. The needle is spring-loaded with a screw and a lock nut for adjusting the
nozzle opening pressure/release setting [143].

Figure 3.4: In-ward Pintle-type injector nozzle [143]
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A pneumatically driven mechanical fuel pump, as shown in Figure 3.5, is used to
compress the fuel and deliver it into the chamber through the injector nozzle. The
pneumatics is comprised of a charged accumulator, an AC solenoid valve and a
pneumatic actuator. In an injection event, the charge air of the accumulator at pressure
of is released by a digital signal to the solid state relay board. The AC relay completes
the solenoid valve circuit and opens the solenoid valve. High pressure air at 1.21±0.03
MPa produces a force on the pneumatic actuator, which is mechanically connected to
the plunger. The actuator forces the plunger into the barrel causing a rapid increase in
fuel pressure. The fuel injection pressure is approximately 22.5 MPa during the main
injection period. The fuel pressure is correlated with needlelift (N.L.) displacement,
which is measured by a needlelift sensor attached to the injector body. The needlelift
sensor is shown in Figure 3.6. A fixed volume of fuel is injected. For n-heptane, the
amount of fuel injected is 72±7 mg for each injection event [65, 121].

Figure 3.5: Pneumatic fuel injection pump assembly [144]
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Figure 3.6: Needlelift motion sensor [144]

Figure 3.7: Pressure transducer assembly [144]

50
A liquid-cooled piezo-electric pressure transducer, installed along the axis of the
combustion chamber opposite to the nozzle, measures the chamber gas pressure
before the start of injection till the end of the test. The operation temperature of pressure
transducer is 130±20 ˚C, and the coolant return temperature is 40±10 ˚C [65]. The
pressure transducer assembly is shown in Figure 3.7. The definition of ID for IQT is the
time elapsed between the SOI and the SOC defined as “combustion recovery point” [57,
58, 60], as shown in Figure 3.8, for n heptane. A schematic of IQT along with a list of
the other parameters and running conditions are given in Figure 3.9.

Figure 3.8: A sample of traces for the needlelift and chamber pressure depicting the
definition of IQT ignition delay time
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Figure 3.9: Schematic of the Ignition Quality Tester setup at Wayne State University
There are two thermocouples inside the combustion chamber along the axial
direction. The first thermocouple measures the charge temperature close by the injector
nozzle, and the second thermocouple is 7 cm downstream from the first one. The
temperature gradient increases approximately 30 K from the first to the second
thermocouple [121, 122]. The local area where combustion starts in the IQT is close to
the pressure transducer [122]. In order to capture the change in temperature during the
autoignition process, the thermocouple at position “a” was replaced with an Omega Ktype fast response 0.002” diameter junction. The thermocouple is connected to a
compensation circuit with an amplifier module (Analog Device 5B40). An additional
National Instrument (NI) high-speed multifunction data acquisition (DAQ) system was
connected to the standard IQT system to expand the capability of obtaining data, as
shown in Figure 3.10. The N.L., pressure and temperature signals were simultaneously
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measured at a sampling rate of 1.25 MS/s. All the safety features were controlled by the
standard IQT system.

Figure 3.10: Schematic of the additional DAQ system
The IQT calibration procedure includes two reference fuels: n-heptane with
minimum purity of 99.5% on volume basis and methylcyclohexane with a minimum
purity of 99.0% on volume basis. The average of three acceptable ID results of heptane
is required to be within 3.78±0.01 ms, with no individual results below 3.72 or above
3.84 ms. The average of two acceptable ID results of methylcyclohexane is required to
be within 10.4±0.5 ms, with no individual results below 9.8 or above 11.0 ms. If any of
the results is outside the specified range, the system diagnostic procedures should be
used to determine the problem and a new calibration is performed [65, 144].
The fuel sample is filtered prior to the test by using a syringe fitted with a
disposable 5 μm filter and injected into a pre-heated, temperature-controlled air. A
complete sequence comprises 15 preliminary tests followed by 32 tests. The values for
the ID of the last 32 tests are averaged to obtain the result. This test method covers ID
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periods that range from 3.1 to 6.5 ms which correspond to 64 DCN and 33 DCN
respectively. The following equation is used to calculate DCN from the measured ID [65,
145].

For fuels that have ID shorter than 3.1 ms or longer than 6.5 ms, DCN can be
calculated with less precision from the equation as follows [65, 145]:

Table 3.1 Repeatability and reproducibility comparison of ASTM D613 and D6890 [64]
CN level
40
44
48
52
56
40
44
48
52
56

ASTM D6890 IQT
ASTM D613
CFR
Spring RR
Fall RR
Repeatability
0.8
0.7
0.8
0.9
0.7
0.8
0.9
0.7
0.8
0.9
0.7
0.8
1.0
0.7
0.8
Reproducibility
2.8
1.6
1.5
3.3
1.6
1.5
3.8
1.6
1.5
4.3
1.6
1.5
4.8
1.6
1.5

The IQT test is simpler than the CFR engine test because it requires a small fuel
sample of approximately 100 mL and the test time is approximately 20 min on a fit-foruse instrument [65, 144]. In addition, the IQT test has a higher repeatability and
reproducibility as compared to the CFR engine method [61, 64], as shown in Table 3.1.
Furthermore, the IQT test is fully automated and can be run with minimal operator
intervention. Therefore, the IQT equipment is utilized in the dissertation as a platform to
investigate the autoignition characteristics during physical and chemical process.
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3.3 Optically Accessible Rapid Compression Machine
The rapid compression machine is mainly designed to emulate an engine
compression stroke to make fundamental analysis of IC engine cycle combustion. Thus,
it has the following advantages: (i) easy access of various optical diagnostic techniques,
(ii) flexibility and accuracy in controlling the charge pressure and temperature, (iii) easy
to clean windows.
A schematic of the RCM is shown in Figure 3.11. Three pistons with different
functions are mounted on a long connection rod and located inside three cylinders or
chambers. The first piston on the left is in the snubbing chamber, which is filled with
viscous hydraulic oil in the funnel shape chamber and provides the damping resistance
of the compression stroke. The second chamber in the middle with pressurized shop air
generates the force to perform a compression stroke. In this study, the driving air is set
at 60 psi. The charge air contained in the third cylinder is compressed into a combustion
chamber through a check valve and orifice when the compression stroke occurs. The
charge air is pre-heated and kept at the pressure of 1 bar and temperature of 373 K.
Once the charge air is compressed, the peak pressure can reach about 18 bar. In order
to avoid turbulence interference during the Schlieren tests, the compressed air has
settled down for about 10 seconds after the piston reached its top dead center (TDC).
Thus, the corresponding pressure and mass average temperature at the injection signal
are 15 bar and 600 K, respectively. A sample pressure history, with injection and
camera signals, is shown in Figure 3.12.
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Figure 3.11: Schematic of optically accessible rapid compression machine setup at Wayne
State University

Figure 3.12: Sample signal traces of a rapid compression machine
The RCM was utilized to study fuel spray characteristics under simulated,
quiescent diesel engine conditions. A schematic of the Schlieren visualization setup
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along with the chamber is shown in Figure 3.13. The chamber is in a cylindrical shape
with two quartz windows on both side ports, which allow line-of-sight imaging of the
injected fuel spray. A common rail solenoid injector with a single-hole nozzle is mounted
at an angle about 28ºfrom the vertical axis, delivering the fuel into the center of the
combustion chamber at the injection pressure of 100 bar. Due to the size of the
chamber, the injection duration was well controlled to be the same for all the fuels and
to avoid serious impingement on the walls and windows. This non-ignitable condition
was selected intentionally to isolate the mixing and evaporation process from the
complex autoignition and combustion process. In addition, a Kistler type 6117B spark
plug with an integrated pressure transducer is installed on the horizontal axis.

Figure 3.13: Schematic visualization setup for the combustion chamber of a rapid
compression machine
A 70W projection lamp provided light source passing through a small pin hole,
which was placed on the focal point of a convex lens. Thus, the point light source was
converted to parallel light, which proceeded through the chamber where injection events
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take place, and reached another convex lens. A sharp knife edge was placed on the
focal point of second lens to cut the refracted light beam, which was refocused to a
high-speed CMOS camera (Vision Research Phantom V310). Images were collected at
approximate 10000 frame per second (FPS) and with 512 by 512 pixel resolutions. A
detailed RCM and Schlieren setup has been provided in previous publications [146151].

3.4 PNGV Single Cylinder Diesel Engine
The engine used in this research work for the investigation of autoignition,
combustion and emission characteristics is a small bore, single cylinder, water cooled,
four-stroke, double over head camshaft, four-valve, direct injection diesel engine
equipped with a common rail fuel injection system as well as swirl control mechanism.
The engine is instrumented with a water-cooled Kistler 6043A60 piezo-electric cylinder
pressure transducer, intake and exhaust manifold pressure transducers, intake and
exhaust manifold thermocouples, and coolant and oil outlet thermocouples. An electric
air heater heats the compressed shop air to simulate turbocharged intake condition. For
the tests presented in this study, a 6-hole mini-SAC nozzle with flow number of 320 is
used. The engine specifications are given in Table 3.2 and the schematic setup is
shown in Figure 3.14. The detailed description of engine setup is provided in the
previous work [118, 119, 152, 153].
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Table 3.2 Engine specifications and injection system configuration
Specifications

Description

Combustion System

Direct Injection

Direction of Rotation

Counter Clock-Wise

Piston Displacement Volume

421.932 cm3

Bore

79.5 mm

Stroke

85 mm

Connecting Rod

179 mm

Rated Speed

4000 RPM

Compression ratio
Cooling System
Lubricating System

20:1
External Water Pump
External Oil Pump

Intake Valve Opening

353 °

Intake Valve Closing

-140 °

Exhaust Valve Opening

155 °

Exhaust Valve Closing

-352 °

Swirl Ratio
Nozzle Type and Size

1.44 ~ 7.12
6-hole 320 mini-Sac, Φ 0.131 mm

Fuel mass flow was measured by a Max flow meter in real time as well as time
based averaging. A fuel filter and vapor eliminator were equipped to get rid of impurities
and water before delivering the fuel into the flow meter. A electric motor driven, solenoid
valve operated BOSCH CP1 high pressure pump was used to pressurize the fuel. The
rail pressure, injection timing and duration, and number of injection events were
controlled by an open Engine Control Module (ECM).
A Hi -Techniques WIN600 data acquisition (DAQ) system was used to record
and average the data. A camshaft top dead center (TDC) signal was used to determine
the firing TDC of the engine. An optical shaft encoder with 0.1 crank angle degree
(CAD) resolutions was mounted on crank shaft to determine the crank shaft rotation.
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The 70 cycles averaged in cylinder pressure, calculated RHR, rail pressure, injection
needlelift (N.L.) signal, and calculated mass average in-cylinder temperature were
recorded at CAD resolution basis.

Figure 3.14: Schematic of PNGV single cylinder diesel engine

3.5 Horiba MEXA 7100 Emission Test Bench
A HORIBA MEXA 7100 DEGR emission test bench is used to determine the
percentage of carbon dioxides (CO2) and the mole fractions of total hydrocarbons (HC),
carbon monoxides (CO), and oxides of nitrogen (NOx) from the exhaust gases. The test
bench has a capability of measuring CO2 volume percent in the intake air. The intake
CO2 measurement was used to calculate the EGR percentage [154]. The test bench
with different modules is shown in Figure 3.15, and the emission module principle and
measurement precision range are shown in Table 3.3.
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Figure 3.15: Horiba MEXA-7100 DEGR emission test bench with different module [155]
Table 3.3 Horiba MEXA 7100 module principle and measurement range
Measurement Module

Principle

Range

CO2

Non-dispersive Infrared (NDIR)

0-20%

CO

Non-dispersive Infrared (NDIR)

0-5000 ppm

THC

Flame ionization detection (FID)

0-5000 ppm

NO/NOx

chemi-luminescence detection (CLD)

0-5000 ppm

3.6 Particulate Matter Measurement Instruments
In diesel combustion, particulate matter (PM) is formed inside the cylinder due to
incomplete combustion of hydrocarbon. The volatile compounds transform from
gaseous phase polycyclic aromatic hydrocarbon (PAH) to particulate phase due to the
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exhaust cooling down and diluting with air when emission gases leave from the engine
tailpipe [156]. Hence, PMs are supposed to be measured by a diluted exhaust sample in
order to simulate actual vehicular emissions conditions. Therefore, the following PM
measurement instruments are used to measure and characterize the PM from the
engine-out emissions. A detailed description of each unit and their functions has been
provided in the previous publications [118, 119].

3.6.1 Micro Dilution Tunnel and Fine Particle Sampler (FPS)
In this investigation, DEKATI micro-dilution tunnel is used for the exhaust sample
dilution purpose. A raw sample is extracted from the tailpipe by using a stainless steel
probe, as shown in Figure 3.16. The sample is subsequently diluted in two stages
employing perforated tube and ejector dilution, respectively, as shown in the schematic
of Figure 3.16. The primary dilution occurs inside the perforated tube, where the raw
sample mixes with dilution air forced through small pores in the perforated tube wall.
The perforated tube is housed inside the body of primary diluter that can be heated up
or cooled down. The dilution ratio of the primary dilution stage can be adjusted by
changing the dilution airflow into the primary diluter. The secondary dilution stage is an
ejector pump that draws the sample from the primary dilution stage and further dilutes it.
The diluted gas leaving the ejector diluter is at atmosphere condition in spite of the initial
raw sample gas characteristics.
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Figure 3.16: DEKATI Micro-dilution Tunnel and schematic of dilution flow [157]
DEKATI Finite Particle Sampler (FPS4000) unit, as shown in Figure 3.17 was
used to control dilution airflows and record dilution parameters in real-time, such as
instantaneous dilution temperature, pressure and ratio. Primary dilution air temperature
is kept around 205 ±10°C. And the secondary dilution air temperature is kept at ambient
temperature. After the two-stage dilution, the temperature of diluted exhaust sample is
decreased to 65°C with a dilution ratio of 35:1. The detailed FPS 4000 dilution
specification is given in Table 3.4 [158].

Figure 3.17: DEKATI Finite Particle Sampler 4000 control unit [157, 158]
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Table 3.4 DEKATI FPS 4000 Dilution Specification [157, 158]
Dilution ratios

1:20-1:200

Dilution temperature

0-350°C

Primary diluter

1:3-1:20

Secondary (ejector) diluter

1:7-1:15

Raw sample temperature

0-600°C

Raw sample pressure

750-2000 mbar abs

Particle concentration

recommended < 100 / cc

Pressure (absolute)

max. 9 bar abs min. 6 bar abs

operating pressure

4.5 bar abs

Flow rate (at 1.013 bar, 20ºC)

max. 220 lpm

Sample flow

0-10 lpm

Primary dilution air flow

2-40 lpm

Secondary dilution air flow

40-140 lpm

Diluted sample flow

60-160 lpm

Pressurized air for cooling

3-8 bar, 600 lpm, moisture free

3.6.2 Scanning Mobility Particulate Sizer (SMPS)
The particulate matter (PM) emissions were recorded using a Scanning Mobility
Particulate Sizer (SMPS), which consists of several component, such as an impactor,
electrostatic classifier (EC), long dynamic mobility analyzer (Long DMA), nano dynamic
mobility analyzer (Nano DMA), and an ultra fine condensate particulate counter unit.
The impactor at the end of the sampling line from dilution tunnel is used to
separate larger size PMs before the sample flow enters into the EC unit. The orifice
diameter for the impactor used in the dissertation is 0.071 cm, which has a cut-off point
of particle diameter above 1000 nm. A right-angle bend in the sample flow line is
introduced, which separates the flow and the particles within measurement range into
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the system, while leaving the over-size particles in the impactor. The schematic of
impactor is shown in Figure 3.18.

Figure 3.18: Schematic of impactor of Electrostatic Classifier [159]
The EC is comprised of a Kr-85 bipolar charger to neutralize the charges on
aerosol particles. The particles pass through a radioactive bipolar charger, and undergo
frequent collisions due to the random thermal motion. Then, a bipolar equilibrium charge
level is reached on the particles. These charged particles are sent to the Differential
Mobility Analyzer (DMA), which is the main component to classify aerosol particles.
Model 3081 is long DMA, which measures the particle size from 14.9 – 673.2 nm, and
Model 3085 is nano DMA, which measures the particle size from 2 – 63.8 nm, with
current EC and impactor setting.
The schematic of EC and DMA is shown as Figure 3.19. The DMA contains an
outer, grounded cylinder and an inner cylindrical electrode that is connected to a
negative power supply (0 to 10 kVDC). The electric field between the two concentric
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cylinders separates the particles according to their electrical mobility, which is inversely
proportional to the particle size. Particles with negative charges are repelled and
deposited on the outer wall. Particles with neutral charge exit with the excess air.
Particles with positive charges move rapidly towards the negatively-charged center
electrode. Only particles within a narrow range of electrical mobility have the correct
trajectory to pass through an open slit near the DMA exit. The electrical mobility of these
selected particles is a function of flow rates, geometric parameters and the voltage of
the center electrode.

Figure 3.19: Schematic of Electrostatic Classifier with DMA [159]
The particle stream leaving the DMA is counted by a Condensation Particle
Counter (CPC) Model 3025A, as shown in Figure 3.20. In the CPC, single particles
larger than 2 nm are grown to micrometer size with supersaturated vapors of n-butyl
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alcohol (butanol), and then passes through a condenser, in which the vapors condense
on the particles, increasing their diameter. The enlarged particles are then passed
through an optical sensor, which measures their count by the scattering of a laser
beam. Therefore, rapid changes in aerosol concentration can be measured accurately.

Figure 3.20: Schematic of ultra fine Condensation Particulate Counter [159]
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CHAPTER 4
ANALYSIS OF AUTOIGNITION PROCESS IN IGNITION
QUALITY TESTER
4.1 Introduction
The pressure trace is directly measured from the combustion chamber, which
has been considered as the most important signal to be used for analyzing diesel
combustion. Analysis of pressure traces from the cylinder of IC engines is a long
established technique, particularly in automotive applications. This approach allows ID,
RHR, cumulative heat release, and mass burn fraction data to be derived from the
shape of the pressure traces, providing detailed combustion information. The diesel
combustion is comprised of two types: (1) the premixed combustion and (2) the diffusion
and mixing controlled combustion. Both combustion types show in the RHR trace
clearly, which is calculated from the pressure. The 1st peak in the RHR represents the
premixed combustion, and the 2nd peak represents the diffusion and mixing controlled
combustion. The parameters, such as injection pressure, injection timing, injection
events, and fuel quantity, have a great influence on the pressure signal amplitude and
timing, hence, resulting in the peak of RHR and mass burn fraction.
This section analyzes the signals during the autoignition process in the IQT. An
effort is made to filter the noise and oscillations from the pressure signal. And the
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physical and chemical delays are separated and defined. In addition, the findings of
separation of physical and chemical delays are validated and supported by a 3D CFD
simulation model of the IQT.

4.2 Pressure and Needlelift Signal Characteristics in the IQT
In-cylinder pressure data was analyzed using in-house combustion analysis
code. The first law of thermodynamics was applied to a control volume that included the
whole combustion chamber throughout the entire polytropic process, as shown below.

where Q is the net heat release rate, k is the specific heat ratio, P is the combustion
chamber pressure, V is the combustion chamber volume, and t is the time. IQT is a
constant volume combustion device, term dV/dt equals to zero. Thus, RHR (dQ/dt) is
proportional to the pressure rise rate (dP/dt).
Figure 4.1 shows the details of the N.L., pressure trace and RHR during the ID
period. It is observed that the pressure trace has oscillations and signal noise.
Moreover, the RHR trace shows more noise, since it is derived from raw pressure trace.
The oscillations in the pressure and RHR traces make it difficult to define the ID and
understand the phenomena during the autoignition process.
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Figure 4.1 Raw data of N.L., pressure, and RHR for n-heptane

4.2.1 Analysis of Noise and Oscillations in the Pressure Signal
The technology of filtering is applied to eliminate the noise and oscillations, which
enhances the understanding for the autoignition period. Figure 4.2a shows the zoomedin raw, smoothed, noise filtered and N.L. oscillation filtered pressure traces of nheptane. Figure 4.2b shows the Fast Fourier Transform (FFT) analysis plot for the raw,
smoothed, noise filtered and N.L. oscillation filtered pressure signals. The blue solid line
is the raw pressure signal. The red dashed line is the smoothed pressure signal by
eleven-point moving average method. The green dash-dot line is the noise filtered
pressure signal. The orange dash-two-dot line is the N.L. oscillation filtered pressure
signal. The frequencies of N.L., combustion, resonance and etc. can be differentiated
and determined using wave equation in the combustion chamber [160-165].
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Signal Smoothing
The eleven-point moving average smoothing method is applied to smooth the

raw pressure as shown in Figure 4.2a. From which, the SOC can be determined from
the pressure recovery point. It is observed that the signal noise is minimized without any
shift in the pressure trace. However, all frequencies are still present in the signal even
after smoothing, as shown in Figure 4.2b. Further, the oscillations caused by N.L. are
still observed in the smoothing trace which affects the precision of determining point of
inflection (POI). In addition, a very important disadvantage of the moving average
method is that the point of the moving average would need to be tuned for each cycle in
order to obtain optimum smoothing results.


Finite impulse response (FIR) filter with phase correction
On the other hand, using FIR filter with phase correction is recommended.
A low pass filter with a cutoff frequency of 6 kHz eliminates the noise present in

the raw pressure signal, as shown in Figure 4.2a. It is also observed the noises with
higher than 6 kHz frequencies are wiped out in the corresponding FFT plot as shown in
Figure 4.2b.
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Figure 4.2a Zoomed raw, smoothed, noise filtered, and N.L. oscillation filtered pressure
traces for n-heptane
Figure 4.2b analysis for the raw, smoothed, noise filtered, and N.L. oscillation filtered
pressure signals

72
Since the N.L. frequency is determined at 2.2 kHz, an additional low pass filter
with a cutoff frequency of 1.6 kHz is applied to get rid of the N.L. oscillations presented
in the pressure trace as shown in Figure 4.2a. As a result, it is also observed the
frequencies with higher than 1.6 kHz are eliminated in the corresponding FFT plot as
shown in Figure 4.2b. However, a shift occurred in the combustion phase compared
with raw pressure signal as shown in Figure 4.2a and 4.2b. Although the SOC cannot
be accurately determined from the 1.6 kHz low pass filtered signal, the POI in the
autoignition period can be defined with high accuracy.
Thus, the SOC should be determined from the pressure signal after applying the
noise filter with the cutoff frequency of 6 kHz. And the POI could be defined from the
pressure signal after applying the N.L. oscillation filter with the cutoff frequency of 1.6
kHz.

4.2.2 Investigate the Effect of Fuel Properties on Signal Oscillations
A low pass filter was applied to the raw pressure signal with a cutoff frequency of
6 kHz to eliminate the noise. Further, a band pass filter was applied to the pressure and
N.L. traces for the four fuels with low and high cutoff frequencies of one and four kHz
respectively as shown in Figure 4.3. The figure shows similarity between the oscillations
in the pressure and the N.L. traces, but with a slight phase shift. It is noticed that the
oscillations are the same for all the fuels in spite of the differences in their physical
properties. Figure 4.4 represents a spectral analysis of the filtered pressure and N.L.
signals [160]. It is clear that the two traces have similar spectra that peak at a frequency
of 2.2 kHz. This indicates that the oscillations in the pressure trace are related to the
injection process. This relationship was investigated in National Renewable Energy
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Laboratory (NREL) [121, 166] by monitoring the N.L. and the corresponding changes in
high speed images taken for the fuel spray during the injection process. NREL
concluded that the oscillations were caused by the changes in the rate of fuel delivery
during the injection process. Also, the changes in the rate of fuel delivery were caused
by changes in the flow area in the pintle nozzle, in addition to oscillations observed in
the needle position during the injection process. It is worth noting that a detailed
analysis of the pressure traces for the 32 tests, used to determine the DCN in this
investigation, indicated test-to-test variability in these oscillations. Such variability can
be explained by the test-to-test variability in the needle oscillations reported by NREL
[121, 166]. In the dissertation, the oscillations in the pressure trace were filtered in order
to differentiate between physical and chemical ignition delay periods, as well as conduct
the detailed analysis on the pressure and RHR traces during the autoignition process.

Figure 4.3 Filtered pressure and N.L. signals for different fuels
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Figure 4.4 Spectral analyses for the filtered signals of pressure and N.L. for different fuels

4.3 Separation of Physical and Chemical Ignition Delays
Many definitions of ID period have been introduced to obtain the value of ID and
perform the detailed analysis during the ID period, as discussed in Chapter 2. All
researchers agree on the SOI as the start of ID. However, several criteria have been
used to define the end of ID or the SOC [52, 57, 109, 111, 121, 142, 167]. In the current
investigation, the end of the ID is considered to be the recovery point in the pressure
trace as defined by ASTM D6890 standard.
The separation between the physical and chemical processes has been known to
be difficult to ascertain in diesel engines in part because of the complexity of the
combustion chamber geometry which affect the fuel distribution, and the high turbulence
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in the charge that affects the process of spray evaporation and mixing with the air [52,
109]. This is not the case in constant volume vessels where the charge is quiescent
before start of injection.

Figure 4.5 Traces for N.L., pressure, RHR, and temperature for injection of n-heptane in
air and in nitrogen environment
In order to determine the contributions of the physical and chemical processes
during the autoignition period, tests were conducted in two steps. The first was with fuel
injection into air and the second was with fuel injection into nitrogen, under the
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conditions specified by ASTM D6890 standard. For the air case, the physical process
and chemical reactions take place, leading to the high temperature combustion. For the
nitrogen case, the physical process and some endothermic reactions contribute to the
pressure and RHR traces. The differences in the pressure between the two tests
provide information regarding the start of the active exothermic reactions leading to
autoignition and combustion. The physical and chemical IDs were determined by
comparing the filtered pressure and RHR traces for fuel injection in air with the
corresponding traces for fuel injection in nitrogen.
Figure 4.5 shows filtered traces for pressure, RHR, gas average temperature and
N.L. for injection into air and nitrogen. The N.L. traces for both cases show the SOI at
1.8 milliseconds. The drop in pressure immediately following the SOI is a measure of
the drop in temperature caused by the heat transfer from the charge to the fuel for
evaporation and endothermic reactions. It is observed that both the gas pressure traces
and RHR traces for the injection in air and in nitrogen coincide during the period from
SOI to 4.25 ms, after which they separate. The trace for injection into nitrogen continues
to drop indicating a continuation of liquid evaporation and endothermic reactions. The
trace for injection into air changes its slope indicating the start of active exothermic
reactions. The point of separation between the two traces is defined as point of
inflection (POI) [119], determining the start of active exothermic reactions and the end of
the physical delay period [57, 58]. While the exothermic reactions start after POI, the
trace for injection into air continues to drop and reaches a valley denoted by ‘b’. This
indicates that endothermic reactions are predominant between POI and point ‘b’. After
point ‘b’, the trace starts to rise up, indicating the domination of the exothermic reactions
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that lead to combustion. It should be noted that the contribution of the physical delay in
the total ignition delay is more significant in the IQT compared to diesel engines [110].
This is mainly caused by the differences in the injection process, the charge pressure
and turbulence in two experimental set setups.

4.4 Simulation
4.4.1 Model Description and Assumption
CONVERGE, a 3D CFD code coupled with chemical kinetic solver (SAGE), is
applied to simulate the behavior of the fuel spray and combustion in the IQT.
CONVERGE Studio, sub-software of CONVERGE package, is used to setup model
parameters such as fuel injection, atomization, droplet, combustion model, time-step
resolutions, and etc. SAGE solver performs calculations based on the reduced chemical
kinetics mechanism of n-heptane, including 42 species and 168 reactions [168].
CONVERGE innovates a way of CFD simulation by removing the user defined
mesh. Instead, CONVERGE creates the grid at run-time according to the case setup.
For simulations with moving boundaries or changing embedding, the grid is recreated at
each time step. The cell size of the base grid is defined in the CONVERGE Studio. All
refinement that takes place in the grid using any of the following methods will be powers
of two refinement of the base grid.


Fixed Embedding. The code allows user to specify where and when refinement is
desired by using fixed embedding. The refinement regions can be specified to
exist at certain locations in the grid, or along specified boundaries. This can be
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useful for simulations where some part of the domain requires additional
resolution, such as injection event, as shown in Figure 4.6.


Adaptive Mesh Refinement (AMR). The code can also adjust the mesh size
during the simulation to better resolve flow variables of interest. The user can
specify which variables are critical such as temperature for combustion case and
velocity for flow case. CONVERGE will modify the grid to enhance the accuracy,
as shown in Figure 4.7.



Grid Scaling. The user can also change the base grid size during the simulation.
This can be helpful in reducing run-times if part of the simulation is not as critical
and can be run coarser.

Figure 4.6 Fixed embedding mesh setup used in the IQT simulation
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Figure 4.7 Adaptive Mesh Refinement mesh setup used in the IQT simulation
The base grid size used in the IQT simulation is 2 mm with built-in mesh
refinements, namely embedded refine and AMR, to make the mesh finer at critical
areas. The mesh size is 0.5 mm at the injector tip area by fixed embedding, 0.5 mm for
the mesh where reactions take place by AMR, 1 mm for the mesh of boundary refined
by AMR, and 1 mm for the other areas.
The software code considers droplet trajectories, droplet break-up, collision and
coalescence, wall interaction, wall heat transfer, and droplet evaporation. The hollowcone spray characteristics of the IQT are simulated. Once the sheet parcels travel a
distance from the injector, the parcels are undergoing collision, drag, evaporation, and
turbulent dispersion. Kelvin-Helmholtz/Rayleigh-Taylor (KH-RT) [169] breakup model is
used to predict the spray behavior. The KH model simulated the primary aerodynamic
instabilities breakup and the RT model calculated the secondary breakup due to
decelerative instabilities. Chiang [169] model is used for droplet evaporation. No Time
Counter (NTC) collision and wall film [169] models are used for droplet wall interaction,
including droplets adhesion, spread, rebound, and splash. O’Rourke & Amsden [169]
model is used to simulate wall heat transfer. RNG k-ε [169] model is used for turbulence
calculation, which is one of the Reynolds Averaged Navier-Storkes (RANS) models.
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4.4.2 Validation of Separation of Physical and Chemical Ignition
Delays

Figure 4.8 3D simulation results of pressure traces in the IQT for n-heptane injected into
air with and without autoignition reactions and nitrogen with autoignition reactions
As discussed in a previous section, the point of separation between the two
traces of fuel injection into air and into nitrogen respectively, is defined as the POI,
which indicates the start of exothermic reactions and can be considered to be the end of
the physical delay period. Hence, the physical and chemical ignition delays have been
separated experimentally, as shown in Figure 4.5. The results of a computer simulation
model of the gas pressure in the IQT agree well with the experimental data, as shown in
Figure 4.8. The red solid trace is for the fuel injected into air with autoignition reactions.
The blue dashed trace is for the fuel injected into air without chemical reactions. And the
green dotted line is for the fuel injected into nitrogen with endothermic reactions. It is
observed that the pressure trace with combustion separates from the other two noncombustion traces at POI, which occurs before the combustion pressure trace reaches
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its bottom point ‘b’. Moreover, there is no significant deviation between the pressure
traces of fuel injection into air without chemical reactions and into nitrogen with
endothermic reactions. It indicates that the drop in the pressure trace during the
autoignition is mainly due to the heat transfer from the charge to the fuel droplet for
evaporation rather than due to the energy absorption of endothermic reactions.

4.4.3 IQT Spray Characteristics
The injection event of IQT is affected by N.L. oscillations during the main
injection process that has an impact on spray combustion. Thus, the spray angle, spray
penetration, and the fuel flow rate of IQT spray model are examined and compared with
experimental data.
Figure 4.9 shows the high-speed images of IQT spray in the left column and
spray images of 3D model in the right column. The experimental data is obtained from
previous literature by Bogin et. al [121], and is compared with the simulation results.
The 3D CFD model shows that the spray has a small angle (~10˚) for the initial jet at 0.4
ms after SOI, and develops into a wide angle of about 20˚ between 0.7 and 0.9 ms after
SOI, which corresponds to the maximum opening position seen at 0.7 ms after SOI in
Figure 4.5. This spray pattern is due to the design of the pintle, which changes the
diameter of the nozzle's orifice and the angle of exit for the fuel spray as it opens [143].
At about 1.2 ms after SOI, the spray shows the oscillations with first increasing and then
decreasing sharply to almost half of its maximum opening position at 1.8 ms after SOI,
as seen in N.L. traces of Figure 4.5. Subsequently, the pintle re-opens, increasing the
fuel flow, as seen at 2.1 ms after SOI. Overall, the simulation results have a reasonable
agreement in terms of spray angle, penetration, and features of N.L oscillations.
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High-speed Images of IQT spray

Spray Images of 3D Model

Figure 4.9 Experimental high-speed spray images [121] and 3D CFD spray images
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The effect of IQT spray on local temperature and equivalence ratio is
demonstrated graphically in Figures 4.10 - 4.12 where the fuel vapor concentration and
local temperature contours are plotted with respect to time during injection event. In the
figure, the highest concentration (mass fraction basis) of fuel vapor is denoted by red
color and the lowest by blue color. Similarly, the highest temperature of charge is
denoted by red color and the lowest by blue color. Two line tools are applied, as shown
in the following figures, to monitor and compare the local temperature and equivalence
ratio with respect to the distance on the line. The left line is denoted as line 1, the right
line is denoted as line 2. These two locations are selected because the thermocouples
are introduced at the midpoint of each line, as described in chapter 3.

Figure 4.10 Fuel vapor concentration and local temperature contours of IQT spray,
distribution of temperature and equivalence ratio on the local lines at 1.9 ms after SOI
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Figure 4.10 shows the fuel vapor concentrations in the high temperature
environment at 1.9 ms after SOI. The corresponding local temperatures around the
spray are low due to heat transfer from the charge air to the fuel droplets. The discrete
rich fuel vapor areas observed along the axis of the spray are caused by the N.L.
oscillations. And the spray vortex is observed downstream due to the pintle-type nozzle
producing hollow-cone spray, which is different from the cone spray in diesel engines. In
addition, it is noticed that there is no change in temperature at line 1, but a sharp drop in
temperature at line 2, caused by the energy lost from the air to the evaporating fuel.

Figure 4.11 Fuel vapor concentration and local temperature contours of IQT spray,
distribution of temperature and equivalence ratio on the local lines at 4.2 ms after SOI
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Figure 4.11 shows the fuel vapor concentration and temperature contour at 4.2
ms after SOI. It is observed that the fuel spray evaporates and mixes with air to form the
combustible mixture at line 1. Meanwhile, the low temperature autoignition reactions
take place simultaneously, while some fuel is still during the physical process. The
temperature contour shows a slightly increase in the local area around line 1, indicating
the low-temperature oxidation reactions release the heat to increase the local
temperature of the charge, as noticed at 4.2 ms after SOI. The maximum equivalence
ratio on line 1 is about 2, and lowest local temperature is about 850 K. On the other
hand, the maximum equivalence ratio on line 2 is about 6.2, and lowest local
temperature is about 500 K.
Due to the increase in charge temperature, the rate of autoignition reactions
increases, resulting in autoignition and leading to the high temperature combustion at
5.0 ms after SOI, as shown in Figure 4.12. It should be noted that when the temperature
on line 1 crosses 1500 K due to the autoignition, the temperature on line 2 is still low
around 900 K. And the fuel is still not completely evaporated to form combustible
mixture around line 2. It indicates that the occurrence of autoignition in the IQT is at the
local area where is close to the pressure transducer, and the hot flame travels towards
the injector side.
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Figure 4.12 Fuel vapor concentration and local temperature contours of IQT spray,
distribution of temperature and equivalence ratio on the local lines at 5.0 ms after SOI

4.4.4 Autoignition Characteristics
As discussed in the previous section, autoignition in the IQT takes place around
the area close to line 1. Therefore, the distribution of local temperature, equivalence
ratio, OH mass fraction, and CH2O mass fraction with respect to the distance on line 1
is plotted against time, along with fuel vapor concentration and temperature contours, to
understand the autoignition process.
Figure 4.13 shows the fuel vapor concentration and local temperature contours at
3.7 ms after SOI, along with distributions of temperature, equivalence ratio, OH mass
fraction, and CH2O mass fraction. It is observed that OH forms at the location where the
mixture is slightly rich (ф ≈1.2) and temperature is relatively high, such as 800 K in this
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case. And it is worthy to note that OH forms around the boundary of the spray plumes
rather than the middle of the spray.

Figure 4.13 Fuel vapor concentration and local temperature contours of IQT spray,
distribution of temperature, equivalence ratio, OH mass fraction, and CH2O mass fraction
on line 1 at 3.7 ms after SOI
Furthermore, the intermediate species are formed simultaneously during the
evaporation, air entrainment, and fuel/air mixing processes. It is observed that OH
concentration decreases with the sharp increase in the concentration of CH2O at 4.2
ms after SOI, as shown in Figure 4.14. Meanwhile, the local temperature along line 1
increases, compared to that of Figure 4.13, due to the heat release of exothermic
reactions at the early stage of autoignition process.
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However, the local temperature stays around 900 K from 4.2 to 4.8 ms after SOI,
as shown in Figures 4.14 and 4.15. It suggests that the combustible mixture along line 1
is experienced low-temperature combustion phenomena where the rate of chemical
reaction is fairly low. For the moment, it is also noticed that CH2O has a very high
concentration but lack of OH along line 1, indicating that CH2O inhibits the high
temperature combustion [116, 170].

Figure 4.14 Fuel vapor concentration and local temperature contours of IQT spray,
distribution of temperature, equivalence ratio, OH mass fraction, and CH2O mass fraction
on line 1 at 4.2 ms after SOI
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Figure 4.15 Fuel vapor concentration and local temperature contours of IQT spray,
distribution of temperature, equivalence ratio, OH mass fraction, and CH2O mass fraction
on line 1 at 4.8 ms after SOI
Figure 4.16 shows the high temperature combustion takes place along line 1 at
5.0 ms after SOI, as the temperature rises up to about 1500 K. At the same time, OH
concentration increases dramatically, suggesting that OH is one of the important
indicators for the start of high temperature combustion [171].
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Figure 4.16 Fuel vapor concentration and local temperature contours of IQT spray,
distribution of temperature, equivalence ratio, OH mass fraction, and CH2O mass fraction
on line 1 at 5.0 ms after SOI

4.4.5 Effect of Volatility on Evaporation and Mixture Formation
The effect of volatility on evaporation and mixture formation is demonstrated
graphically for n-heptane and diesel fuels in Figures 4.17 - 4.19 where the fuel droplets,
vapor concentration and local temperature contour are illustrated with respect to time
during injection event. And the distributions of temperature, equivalence ratio, OH mass
fraction, and CH2O mass fraction are plotted against the distance of line 2.
Figure 4.17 shows the fuel droplets distribution for n-heptane and diesel at 1.8
ms after SOI. It is observed that n-heptane has more dispersed droplets, higher spray
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vortex, and shorter liquid penetration than that of diesel, indicating its higher air
entrainment, higher volatility and lower density.

Figure 4.17 Fuel droplets distribution for n-heptane and diesel at 1.8ms after SOI
Figure 4.18 shows the n-heptane fuel vapor concentration and local temperature
contours at 1.8 ms after SOI, along with distributions of temperature, equivalence ratio,
OH mass fraction, and CH2O mass fraction. It is observed that the n-heptane vapor
concentration is high (~0.4 mass fraction) due to its low boiling point, resulting in fast
evaporation rate. The spray vortex is generated on the side of the hollow-cone. In
addition, the local temperature and equivalence ratio reaches about 500 K and 7.6
along line 2, respectively.
On the other hand, Figure 4.19 shows the diesel fuel vapor concentration and
local temperature contours at 1.8 ms after SOI, along with distributions of temperature,
equivalence ratio, OH mass fraction, and CH2O mass fraction. It is noticed that the fuel
vapor concentration is low (~0.1 mass fraction) and the spray vortex is not fully
developed. The local temperature on line 2 is about 500 K, similar to that of n-heptane
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fuel, but the local equivalence ratio is just about 1.8. In addition, the diesel spray travels
farther and bifurcation area is more significant than n-heptane fuel due to its higher
density and low volatility.
It suggests that the volatility of a fuel influence the air entrainment rate, spray
vortex, droplet penetration, and evaporation rate, resulting in the mixture formation,
premixed burn fraction, and peak pressure.

Figure 4.18 n-heptane fuel vapor concentration and local temperature contours of IQT
spray, distribution of temperature, equivalence ratio, OH mass fraction, and CH2O mass
fraction on line 2 at 1.8ms after SOI
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Figure 4.19 Diesel fuel vapor concentration and local temperature contours of IQT spray,
distribution of temperature, equivalence ratio, OH mass fraction, and CH2O mass fraction
on line 2 at 1.8ms after SOI

4.5 Summary of Chapter 4
This chapter provides the methodology to analyze the raw pressure signal
obtained in the IQT by filtering the noise and N.L. signals. An FIR low pass filter was
applied to the raw pressure signal with a cutoff frequency of 6 kHz to eliminate the noise
before calculation for the RHR based on the pressure data. A frequency analysis of the
N.L. oscillations in the gas pressure traces indicated that they are related to the injection
process. The same observation has been reported earlier in the literature by using
imaging techniques. These oscillations were filtered before the further analysis.
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The physical and chemical delays were separated by comparing the traces
obtained in test where the fuel was injected once into air and another time into nitrogen.
Thus, the POI, physical ID and chemical ID were determined experimentally. It was
found that the physical delay period in IQT is a major part of the total ignition delay
period. However, this is not the case in high speed direct injection diesel engines where
the physical delay period is a small fraction of total delay period, as a result of major
differences in the design of the injection system and combustion chamber in the two
cases. Furthermore, the 3D CFD IQT model is developed and compared with
experimental data. The simulation findings not only agree with the experimental results
but also provide the clear picture of the fuel vapor concentration, and local temperature
distribution in the IQT, which guides the directions of further investigations and suggests
the feasibility of additional instrumentation in the IQT. In addition, the simulation results
suggest that OH is one of the important indicators for the start of high temperature
combustion.
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CHAPTER 5
INVESTIGATION OF PHYSICAL AND CHEMICAL
DELAY PERIODS OF DIFFERENT FUELS
5.1 Introduction
The performance of a diesel engine is sensitive to autoignition and combustion.
The quality of autoignition in a diesel engine depends mainly on charge pressure and
temperature, type of fuel, and its properties. In this chapter, each fuel tested
demonstrated distinct individual autoignition behavior. Generally, the characteristics of
autoignition and combustion varied with alternative fuels compared to the traditional
ULSD. Ignition delay, chamber pressure, and heat release were especially sensitive to
the fuel properties, molecular structure, and ambient conditions. This chapter analyzes
the autoignition characteristics of different fuels with reference to ULSD in the IQT. An
effort is made to reveal the effect of the charge temperature on autoignition process and
the correlation is determined between apparent activation energy and derived cetane
number.

5.2 Literature Review
The autoignition process includes overlapping physical process that lead to the
formation of an autoignitable mixture and chemical reactions that start the combustion
process. Many efforts have been made to determine the effect of fuel properties on
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each of these processes, particularly with the increased interest in the use of renewable
fuels to reduce the dependence on petroleum crude. Also, alternative fuels derived from
petroleum crude and synthetic fuels are being considered for use in military diesel
engines [8, 9, 11, 13].
Understanding of physical and chemical processes during the autoignition period
is very challenging in the diesel engines due to the complexity of the combustion
chamber geometry, high turbulence, and the change in volume with respect to each
crank angle. Furthermore, in engines the compressed air properties vary during the
autoignition process which makes it difficult to determine the effect of the charge
temperature and pressure on the ID period. Also, many correlations between the ID
period measured in engines and charge properties were developed considering the
temperature and pressure at the SOI [59, 103]. Other correlations considered the
arithmetic mean pressure and temperature [115], or the integrated mean values during
the ID period [109, 111, 142]. Such problems are reduced in constant volume vessels
where the changes in the charge temperature and pressure during the ID period are
much smaller than in engines. Other advantages of using constant volume vessels in
the study of the autoignition process include the simplicity of the experimental setup and
the smaller amount of fuel required for the experiment as compared to the engine setup
and operation. Furthermore, it is feasible to run the experiment in the constant volume
vessel by injecting the fuel into nitrogen in order to differentiate between the physical
and chemical processes, which would be very difficult and expensive in engines.
The major parameters which affect the ID of conventional fuels in diesel engines
are mainly the air temperature, air pressure [58, 59, 109] and the fuel molecular
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structure [52]. It has been found that the ID has higher sensitivity to changes in air
temperature than changes in air pressure [107, 109]. Also, the sensitivity of the ID to
changes in charge temperature and pressure increases with the drop in CN of the fuel
[52, 107, 108]. Furthermore, the ignition quality of some alternative fuels does not
always correlate well with CN because of the wide range of their chemical and physical
properties including composition, volatility, density and distillation [57, 60].
The chapter investigates the effect of fuel properties on the physical and
chemical parts of the ID period at different charge temperatures. The investigation
covered the following fuels: (a) ULSD, considered as the baseline fuel, (b) JP-8, a
military petroleum based jet fuel [7, 9, 13], (c) Sasol IPK, coal based Fischer-Tropsch
catalytic process jet fuel [13], (d) F-T SPK (S-8), natural gas based Fischer-Tropsch
catalytic process jet fuel [24, 172], gasoline 89 (G89), and gasoline 93 (G93).

5.3 Experimental Data
5.3.1 Comparison between CN and DCN for different fuels
The CN and DCN for different fuels were measured according to ASTM D61310a and D6890-10a standards respectively. For this investigation, CN was measured in
the CFR engine at Southwest Research Institute (SWRI) and DCN was measured at
Wayne State University using the IQT equipment. The charge air pressure and
temperature in the IQT were kept constant at 21.37±0.07 bar and 828 K respectively,
and the equipment was calibrated using n-heptane fuel. The ID was measured for
ULSD, S-8, JP-8, Sasol IPK, G89, and G93, and their DCNs were subsequently
calculated. DCN for Sasol IPK, G89, and G93 were calculated by using Eqn. 3.2 as
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explained in the previous chapter, because its ID was longer than 6.5 milliseconds. The
DCNs for the rest of fuels were calculated by Eqn. 3.1. The values for the CN, DCN and
the ID period for the different fuels are given in Table 5.1. Figure 5.1 shows CN and
DCN plotted against the ID period in milliseconds. It is noticed that CN and DCN are the
same for ULSD where the ID is 5 ms. Minor differences between CN and DCN are
observed for S-8 and JP-8 and can be attributed to inaccuracies while running the tests
on the CFR engine [173]. This is not the case for Sasol IPK where a relatively larger
discrepancy between the two methods is observed. This discrepancy can be attributed
to the large uncertainty in Eqn. 3.2 in determining the DCN for low CN fuels as
described earlier [65]. Another factor that contributes to the large discrepancy for low
ignition quality fuels is related to the differences between the engine and the IQT
environment. In the engine environment the gas pressure and turbulence are much
higher than in the stagnant environment of the IQT. The DCN of G89 and G93 are 18.9
and 13.7 respectively, indicating gasoline anti-knock characteristics, but CNs of
gasoline fuels are not available.
Table 5.1 CFR CN and IQT DCN for different fuels
Fuel
ULSD
S-8
JP-8
Sasol IPK
G89
G93

IQT ID
4.953
3.462
4.092
6.94
12.91
20.13

IQT DCN
42.1
58.4
50.1
31.1
18.9
13.7

CFR CN
42.3
61
49
25.4
N/A
N/A
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Figure 5.1 ASTM D613 CN and D6890 DCN versus ID for different fuels

5.3.2 Effect of Fuel Properties on Autoignition Process
The time histories of the gas pressure, N.L., gas mass average temperature and
RHR are given in Figure 5.2 for different fuels. In this analysis, ULSD is considered to
be the baseline fuel for the comparison with other fuels. The figure shows that, for all
the fuels, SOI occurs at 1.8 ms and the main injection process is completed in about 2
ms before the rise in pressure due to combustion. As expected, S-8 has the shortest ID
because it has the highest volatility and DCN. The volatility of a fuel is inversely
proportional to its flash point [174, 175]. Table A.1 gives the flash point for the fuels. The
flash point of S-8 is 44.5°C compared to 69°C for ULSD. High volatility enhances fuel
evaporation and the formation of an ignitable mixture [10, 33], resulting in higher
premixed combustion peak. Again, the volatility and DCN contribute to the shorter ID of
JP-8 compared to ULSD. The flash point of JP-8 is 49.5°C compared to 75°C for ULSD.
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The DCN for JP-8 is 50.1 compared to 42.1 for ULSD. The lower flash point indicates a
higher premixed combustion peak than ULSD, but lower than S-8 due to slightly higher
flash point than S-8. Sasol IPK has the lowest DCN among all diesel type fuels,
because of its longer ID period, in spite of its higher volatility, compared to ULSD and
JP-8. Further, the peak of RHR is higher for Sasol IPK than ULSD, not only because of
higher volatility but also longer ID allowing more time for fuel/air mixing, resulting in high
premixed burn fraction. G93 exhibited longest ID among all the fuels, followed by G89.
As well known, gasoline has much higher volatility than diesel fuels. It is very interesting
to notice that both gasoline fuels produced lower peak of premixed combustion than
Sasol IPK, and G93 is slightly lower than G89. The possible reason can be that long ID,
and high volatility enhances the spray penetration, atomization, evaporation, and
homogeneity mixture formation [10], the over-lean regions are formed locally at
relatively low charge temperature. And further mixing reduces gas temperature with no
addition into heat release [176]. Furthermore, small independent flame fronts propagate
from the ignition nuclei to the combustible mixture is inhibited by the over-lean mixture,
defined as “Lean Flame-Out Region” (LFOR) [177].
The drop in the mass average temperature caused by energy consumed by fuel
evaporation and endothermic reactions is more evident for long ID fuel, such as Sasol
IPK, G89, and G93, compared to the other fuels. Figure 5.2 shows that the rise in
pressure due to the combustion, which is mostly in the premixed mode, is in line with
the length of the ID for the different fuels. The pressure rise due to combustion depends
mainly on the length of the ID and volatility of the fuel. S-8 has the shortest ID and
produced the lowest peak pressure among all fuels. Also, the pressure keeps increasing

101
at a slow rate indicating diffusion combustion. On the other side, it is observed that the
pressure traces of Sasol IPK, G89, and G93 decreases after reaching peaks. It
indicates that almost all the fuel has been burned in premixed mode, and negligible heat
generated during the mixing control mode, compared to the heat losses.

Figure 5.2 Pressure, N.L., RHR, and temperature traces for different fuels at 828 K
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Figure 5.3 Details of RHR traces during autoignition for different fuels at 828 K
Figure 5.3 gives the details of RHR during the ID period. It is observed that S-8,
ULSD and JP-8 depict the one-stage autoignition process, while Sasol IPK, G89, and
G93 depict the two-stage autoignition. It is noticed that G93 exhibited a NTC regime
during the autoignition process, in which the energy released from the cool flame is at a
lower rate. Figure 5.4 shows the normalized RHR integral for different fuels, from the
start of injection to the end of combustion. Table 5.2 gives the heat released in
premixed and diffusion combustion and the premixed combustion fraction. S-8 has the
lowest premixed combustion fraction among all the fuels, while G93 has the highest
fraction. The sharp drop in the integrated RHR for Sasol IPK, G89, and G93 is the result
of the release of almost all the energy in the premixed combustion mode.
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Figure 5.4 Normalized integral RHR for different fuels at temperature 828 K
Table 5.2 Energy release for different fuels at 828 K
Fuel
ULSD
S-8
JP-8
Sasol IPK
G89
G93

Premixed
2.2506
1.6499
1.9135
2.7904
2.9695
3.2575

Diffusion
0.6582
0.7757
0.8107
0.1393
0.0599
0.0296

Premixed fraction
77.37%
68.02%
70.24%
95.25%
97.98%
99.13%

5.3.3 Effect of Charge Temperature on Physical and Chemical Delays
A series of tests were conducted, at charge temperatures between 778K and 848
K by controlling the chamber skin temperature. All the tests were conducted at a
constant charge density of 8.9 kg/m3. The traces were analyzed and the physical and
chemical delays were determined for each of the fuels at different temperatures and the
results are given in Table 5.3. The data are plotted in Figure 5.5 versus the integrated
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mean temperature during the ignition delay period, rather than the temperature at the
SOI.

Figure 5.5a Physical ID vs integrated mean temperature during the physical process
Figure 5.5b Chemical ID vs integrated mean temperature during the chemical process
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Table 5.3 Physical and chemical delays for all the fuels at different temperatures
ULSD
Test T (K)
778
788
798
808
818
828
838
848
Reduced
Percentage

S-8

JP-8

Sasol IPK

G89

G93

IDPh
(ms)
4.8
4.26
4
3.68
3.58
3.34
3.08
2.98

IDCh
(ms)
2.12
2.1
1.86
1.8
1.64
1.56
1.52
1.42

IDPh
(ms)
3.38
3.06
2.94
2.58
2.5
2.36
2.22
2.08

IDCh
(ms)
1.48
1.32
1.26
1.2
1.1
1.1
1.1
1.06

IDPh
(ms)
3.84
3.58
3.38
3.16
2.94
2.66
2.56
2.46

IDCh
(ms)
1.9
1.72
1.52
1.52
1.38
1.38
1.34
1.24

IDPh
(ms)
5.58
4.92
4.76
4.5
4.22
4.06
4.02
3.96

IDCh
(ms)
3.1
2.8
2.68
2.5
2.44
2.34
2.06
2

IDPh
(ms)
12.86
11.44
10.52
9.24
8.08
7.46
6.52
6.32

IDCh
(ms)
6.46
5.78
5.28
4.94
4.64
4.36
4.14
3.88

IDPh
(ms)
15.78
14.36
13.38
12.66
11.72
10.86
10.22
10.02

IDCh
(ms)
9.24
8.46
7.66
7.28
6.56
5.98
5.7
5.2

38%

33%

38%

28%

36%

35%

29%

36%

51%

40%

36%

44%

Figure 5.6 Chamber pressure & temperature at SOI and mean pressure versus integrated
mean temperature during the ID period
Figure 5.6 shows the chamber pressure and temperatures before the SOI and
the integrated mean temperature during the ID delay period. It is observed that the
lower DCN fuel has the lower mean pressure and temperature during the autoignition
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period due to the slow heat release of exothermic reactions in the cool flame. It should
be noted that the air temperature along the fuel spray should be lower than the mass
average temperature, calculated from the pressure trace and the mass of the charge.
Figure 5.7 is a 3D plot of the total, physical and chemical ID periods plotted
versus the integrated mean temperature for different DCN. It is observed that the
physical delay is a major part of the total ID period for all the fuels in the IQT. It indicates
that the DCN does not only represent the chemical characteristics of the fuel but also
takes into consideration the physical properties of the fuel. Further, it is observed that
the physical delay is more sensitive to the increase in temperature, particularly for the
higher DCN fuels, as discussed in detail in the next section.

Figure 5.7 3D plot of the ID, integrated mean temperature, and DCN
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5.3.4 Forms of Arrhenius Plot and Corresponding Apparent Activation
Energy for Different Fuels
In this section different forms of the Arrhenius plot are demonstrated and the
corresponding apparent activation energies, Ea, are calculated for different fuels. Ea is
determined from Eqn. 5.1 and its value depends on the temperature, T, used in the
equation. Temperatures of significance can be at the SOI [59, 103], the arithmetic mean
temperature during ID [115] and the integrated mean temperature during the ID [109,
111]. The first form of Arrhenius plot is for the total ID versus the reciprocal of the
charge temperature before the SOI and integrated mean temperature during the total ID
period, as Figures 5.8 and 5.9. The results of this form would be of use for engine
design where diesel cycle simulation is used for determining overall engine
performance. Also, this information can be used for electronic engine control, where fast
computations are needed for ECU operation. The second plot is for the chemical ID
versus the reciprocal of the integrated mean temperature during its ID period, as Figure
5.10. Here the results would be of value in the validation of detailed combustion
mechanisms developed for different fuels. Also, such information can be used for the
development of surrogates for different fuels. Since the chemical reactions are very
sensitive to temperatures, it is felt that the temperature between the start of ID and the
end of ID would be the most appropriate. The third plot is for the physical delay versus
the integrated mean temperature during its ID period, as Figure 5.11. This plot explains
the discrepancy between the apparent activation energy calculated from the first and
the second plots.
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5.3.4.1 Apparent Activation Energy for the Total ID Plotted versus the
Charge Temperature before the Start of Injection and
Integrated Mean Temperature during the Total ID Period

Figure 5.8 Arrhenius plot for total ignition delay versus the charge temperature before SOI
for different fuels
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Figure 5.9 Arrhenius plot for total ignition delay versus the integrated mean temperature
during ID period for different fuels
Figures 5.8 and 5.9 are plots of the total ID measured from the SOI to the
pressure recovery point, specified in ASTM Standard 6890-10a, as end of ID. The
apparent activation energies calculated from Figures 5.8 and 5.9 are given in Table 5.4.
It is noticed that for all the fuels, except Sasol IPK and G93, Ea increases with the drop
in DCN. This is the trend in many chemical reactions. However, this trend is not
followed by Sasol IPK and G93. Similar observations have been reported in
investigations conducted on the same fuels in a high speed direct injection diesel
engine [142] and on the FACE diesels in IQT by NREL [121].

110
Table 5.4 Apparent activation energy based on total ignition delay for different fuels
Fuel
ULSD
S-8
JP-8
Sasol IPK
G89
G93

Ea (kJ/mol) from Tcharge Ea (kJ/mol) from Tmean
35.70
28.56
33.37
27.56
35.06
28.66
26.33
22.14
40.06
43.11
30.63
27.73

5.3.4.2 Apparent Activation Energy for the Chemical ID Plotted versus
the Integrated Mean Charge Temperature during the Chemical
ID

Figure 5.10 Arrhenius plot for chemical ignition delay versus the integrated mean
temperature for different fuels
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Figure 5.10 shows a plot of the chemical ID versus the integrated mean charge
temperature during the chemical ID. It should be noted that the apparent activation
energies calculated from Figure 5.10 are not for elementary chemical reactions but
rather for the global of a large number of known, unknown, simple and complex
chemical reactions that occur during the autoignition process within the temperature
range studied [109]. The apparent activation energies, Ea, of different fuels are
calculated, as shown in Table 5.5.
Table 5.5 Apparent activation energy based on chemical ignition delay for different fuels
Fuel
ULSD
S-8
JP-8
Sasol IPK
G89
G93

Ea (kJ/mol)
27.31
19.26
24.77
28.57
39.17
42.14

Table 5.5 shows that S-8 which has the shortest chemical ID and the highest
DCN has the lowest activation energy, 19.26 kJ/mole. Meanwhile, G93 which has the
longest ID and lowest DCN has the highest activation energy, 42.14 kJ/mole. The
activation energy of ULSD is 27.31 kJ/mole which is higher than 24.77 kJ/mole for JP-8.
And the activation energy of Sasol IPK and G89 are 28.57 kJ/mol and 39.17 kJ/mol
respectively. It should be noted that gasoline has much higher activation energy than
diesel type fuels, indicating its good anti-knock characteristics.
The question here is why there is a difference between the trends shown in
Figures 5.9 and 5.10, particularly for low DCN fuel. One of the factors that might have
contributed to this difference is the sensitivity of the physical process to the change in
charge temperature.

112

5.3.4.3 Apparent Activation Energy for the Physical ID Plotted versus
the Integrated Mean Charge Temperature during the Physical
ID
Figure 5.11 shows the data in an Arrhenius plot for the physical ignition delay
given in Figure 5.5. The slopes of the traces in Figure 5.11 are given in Table 5.6 and
show that the physical ID is signified by the start of the exothermic reactions. In general,
chemical reactions are more sensitive to increase in temperature which makes the
physical ID equally sensitive to the increase in temperature.

Figure 5.11 Arrhenius plot for physical ignition delay versus the integrated mean
temperature for different fuels
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Table 5.6 Apparent activation energy based on physical ignition delay for different fuels
Fuel
ULSD
S-8
JP-8
Sasol IPK
G89
G93

Ea (kJ/mol)
30.60
33.43
32.01
23.31
48.47
34.49

5.3.4.4 Arrhenius Parameters of the Physical, Chemical and Total
Ignition Delays for Different Fuels
Arrhenius parameters of different ID periods are determined for different fuels
using Eqn. 5.1, based on the temperature at SOI and the mean temperature during
each delay period. The relationship between total ID and temperatures can be
expressed in Arrhenius form as Eqn. 5.2. Table 5.7 shows the results of Arrhenius
parameters that can be used for different applications as indicated by Roman letters.
Type I is commonly used in cycle simulations and design purposes, where the
temperature at SOI is well known. Type II is another approach to estimate ID based on
the mean temperature during autoignition process. Type III can be used to validate
simulation models for the spray behavior before the start of active exothermic reactions.
Type IV can be used to validate simulation models for chemical reactions leading to
autoignition.
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Table 5.7 Arrhenius parameters of ignition delay for different fuels
Type
I
II

T (K)
TSOI
Tmean

ULSD

S-8

JP-8

Sasol IPK

G89

G93

A
0.1628

Ea
35.70

A
0.1438

Ea
33.37

A
0.1459

Ea
35.06

A
0.5660

Ea
26.33

A
0.0125

Ea
40.06

A
0.2422

Ea
30.63

0.0674

28.56

0.0577

27.56

0.0578

28.66

0.2432

22.14

0.0178

43.11

0.2865

27.73

0.0346

30.60

0.0167

33.43

0.0238

32.01

0.1232

23.31

0.0045

48.47

0.0534

34.49

0.0247

27.31

0.0614

19.26

0.0321

24.77

0.0281

28.57

0.0109

39.17

0.0097

42.14

_total

III

Tmean
_phy

IV

Tmean
_chem

5.3.5 Correlation between Apparent Activation Energy based on
Chemical Ignition Delay and Derived Cetane Number
The apparent activation energy and the DCN represent different criteria for rating
the ignition quality of the fuels. The apparent activation energy is obtained from singlestep kinetic reaction models over a wide range of temperature, while the DCN is
determined from pressure rise experimental data at specific operating conditions. Since
these two methods rate the fuel ignition quality, it is expected some correlation exists
between them.
Figure 5.12 shows the correlation between the apparent activation energy and
the DCNs of fuels. The figure shows that there exists an inversely proportional
relationship between the activation energy based on the chemical ID and its DCN. The
relationship function is given as Eqn. 5.3.
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Figure 5.12 Correlation between activation energy based on chemical delay and derived
cetane number

5.4 Conclusions of Chapter 5
The following conclusions are based on an experimental investigation of the role
of the physical and chemical processes in the autoignition of fuels with different physical
and chemical properties. Six fuels were tested at different temperatures, varying from
778 to 848 K. The physical and chemical ignition delays were determined by two tests.
In the first test, the fuel was injected into the air charge following the ASTM D6890-10a
procedure. In the second test, the fuel was injected into pure nitrogen under the same
conditions as the first test. The difference between the pressure traces measured in the
two tests indicated the point in time where the chemical exothermic reactions started.
This point was considered to be the end of the physical delay period. The total ID
defined by ASTM D6890-10a, the chemical and physical IDs were correlated with the
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integrated mean temperatures using Arrhenius plots. The pre-exponential factors and
apparent activation energies were determined for each fuel.


The low DCN fuels, such as Sasol IPK, G89, and G93, exhibited the two-stage
autoignition process, particularly at low charge temperatures, which was not the
case for the other fuels.



The physical delay period in IQT is a major part of the total ignition delay period
for all the fuels. This is not the case in high speed direct injection diesel engines
where the physical delay period is a small fraction of total delay period, as a
result of major differences in the design of the injection system and combustion
chamber in the two cases.



The apparent activation energy calculated from the total ignition delay does not
always follow the inverse relationship with the DCNs for all the fuels.



The apparent activation energy calculated from the chemical delay has proved to
have an inverse relationship with the DCNs for all the fuels tested in this work.



Arrhenius parameters were determined for the physical, chemical and total ID
periods for use in different applications such as engine design, models validation
and diesel cycle simulation.



An inversely proportional relationship exists between the apparent activation
energy based on chemical delay and the DCN of the fuel. For the fuels tested in
the investigation, the following relationship is obtained.



With the formulas obtained in this chapter, it is possible to derive the ID and DCN
of the fuel from its activation energy, and vice versa.
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CHAPTER 6
EFFECT OF CETANE IMPROVER ON AUTOIGNITION
CHARACTERISTICS OF LOW CETANE SASOL IPK
USING IGNITION QUALITY TESTER
6.1 Introduction
The ignition quality of the fuel is characterized by a CN, which is an indicator that
determines the overall performance of the fuel in diesel engines. Research has shown
that the autoignitability of a fuel can be improved with ignition improver. However, most
fuel additives are developed and tested on a limited number of engines. Therefore, the
overall effect of autoignition and combustion is unknown. This section investigates the
effect of a cetane improver on the autoignition characteristics of a low CN Sasol IPK in
the IQT. The effect of cetane improver on autoignition behavior is determined and the
correlation is established between apparent activation energy and concentration of the
additive.

6.2 Literature Review
The ignition quality of the fuel has a major impact on the autoignition,
combustion, fuel economy, performance and emissions of compression ignition diesel
engines. The ignition quality of a fuel is rated by its CN measured in a CFR engine
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according to ASTM D613 [173] or by its DCN measured in the IQT according to ASTM
D6890 [65]. A higher CN implies better autoignition quality of the fuel, which produces
shorter ID. A lower CN fuel produces longer ID, higher rates of pressure rise, pre-mixed
burn fraction, and peak pressure, which result in unacceptable noise and vibration, and
high mechanical and thermal stresses.
The ignition quality of a fuel can be improved by adding very small amounts of an
additive such as 2-ethylhexyl nitrate (2-EHN), a widely used cetane improver available
in the market. Studies have shown that HC, CO, and NOx emissions decrease with the
increase in CN [178-181]. However, there was no significant improvement in engine
performance, reported by different researchers, when the CN was above a certain value
[178, 179]. Also, the effect of the cetane improver on autoignition was not uniform for
different fuels during different engine operation conditions such as intake temperature,
engine load, injection timing, etc [182-184]. Ghosh indicated that the degree of CN
improvement was correlated to the quality of the original fuel, although the cetane
improver enhances the initiation reactions, which accelerates the overall autoignition
process [183]. Nuszkowski reported that the RHR is affected by the cetane additive at
low load engine running conditions, resulting in the reduction in NOx emissions, but
producing more NOx at high loads [182]. Few studies examined the effect of 2ethylhexyl nitrate on the autoignition process [185, 186], which is very slow for some
alternate fuels [13], particularly when they exhibit the low-temperature combustion
(LTC) regime [187]. This chapter investigates the effect of treating Sasol IPK with
different percentages of 2-EHN on the autoignition process. The properties of Sasol IPK
and the cetane improver are given in Appendix.
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6.3 Experimental Data
6.3.1 Effect of Cetane Improver on DCN
The ignition delay was measured for Sasol IPK, referred to as (S), Sasol IPK
treated with 0.1% (volume basis) cetane improver, referred to as (ST0.1). Sasol IPK
with 0.2% cetane improver is referred to as (ST0.2). Sasol IPK with 0.4% cetane
improver is referred to as (ST0.4). The DCN for the treated Sasol IPK was calculated
by using Eqn. 3.2 as explained in chapter 3, because its ID was longer than 6.5
milliseconds. The DCNs for the treated fuel were calculated by Eqn. 3.1. The values for
the DCN and the ID period for the (S) and (STs) are given in Table 6.1. It shows the ID
was reduced, from 6.94 ms for (S) to 5.04 ms for (ST0.4); a reduction of 27%. The
corresponding increase in DCN is 10.4 units. It should be noted that the increase in
DCN is not linear with the percentage of additive as shown in Figure 6.1. The blue solid
curve represents (S), and the red dash is for ULSD, which is a reference fuel, and the
black dot is for the average increase in DCN of conventional fuels, reported by the
additive manufacturer [188]. The sharpest increase in DCN is gained by adding the first
couple droplets of the additive. The gain in DCN decreases continuously as the
percentage of additive increases. Figure 6.1 shows also a higher rise in the DCN of (S)
and (STs) over the average fuels [188]. It indicates that Sasol IPK has a high response
to Lubrizol 8090 [189], similar to ULSD. Further, it is noted that the rise in DCN of ULSD
is slightly higher than Sasol IPK. This indicates that the original fuel with a higher DCN
gets more benefits from the cetane improver than the one with a lower DCN [186]. It
should be noted that the response of a base fuel to the additive is different than its
response if it is treated. In the latter, the rate of increase in DCN decreases with the

120
increase in percentage of the additive. The reason behind this difference in the
response of base and treated fuels is not clear at the present time.

Figure 6.1 Cetane improver typical treat rate response for Sasol IPK
Table 6.1 IQT DCN for (S) and (STs)
Fuel
(S)
(ST0.1)
(ST0.2)
(ST0.4)
ULSD
(ULSD0.1)
(ULSD0.2)
(ULSD0.4)

IQT ID
6.94
5.58
5.33
5.04
4.953
4.229
4.037
3.808

IQT DCN
31.1
37.9
39.4
41.5
42.13
48.58
50.69
53.63

DCN Std
0.58
0.51
0.61
0.53
0.57
0.99
1.01
1.19
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6.3.2 Effect of Cetane Improver on Autoignition
The time histories of the gas pressure, N.L., gas mass average temperature, and
RHR are given in Figure 6.2. The figure shows that, for all the fuels, SOI occurs at 2 ms,
and the main injection process is completed in about 2 ms before the rise in pressure
due to autoignition and combustion. As expected, (ST0.4) has the shortest ID and
produces the lowest peak pressure and RHR, compared to other (S) and (STs). Since
the volatility of the original fuel does not change with the additive percentage, the
premixed combustion fraction and corresponding rise in pressure are expected to be
proportional to the length of the ID as shown in Figure 6.3 and Table 6.2. In addition,
ULSD has the almost same DCN to (ST0.4), but with significant lower peak of RHR. It is
due to (ST0.4) is more volatile than ULSD, which form more homogeneity mixture,
resulting in higher peak of RHR.

Figure 6.2 Needlelift, pressure, and RHR traces for different fuels at temperature 818 K
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Figure 6.3 Mass burn fraction for different fuels at temperature 818 K

Figure 6.4 Zoomed rate of heat release for different fuels at temperature 818 K
Figure 6.4 shows the zoomed RHR for different fuels at an air temperature of 818
K along with the N.L. profile. It can be observed that after the end of the injection event
there is a drop in RHR. This drop is mainly caused by the heat transferred from the air
to the fuel for liquid heating, evaporation, vapor superheating and endothermic
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reactions. The oscillations in the traces are caused by the needle motion frequency
[190]. The drop in RHR is followed by a gradual increase in the RHR to a plateau,
followed by a sharp rise indicative of the start of exothermic reactions and the sharp rise
in temperature. Figure 6.4 shows that all the (S) and (STs) experienced the lowtemperature plateau, with and without the additives. However, the period of the LT
plateau decreased with the percentage of the additive. This suggests that the additive
accelerates initiation reactions as well as exothermic high temperature reactions. In
contrast, ULSD does not show LT plateau during the autoignition period although it has
the same DCN as (ST0.4). It indicates that LT regime is a characteristic of the Sasol
IPK which did not change by adding the cetane improver.
Table 6.2 Energy release for different fuels at temperature 818 K
Fuel
(S)
(ST0.1)
(ST0.2)
(ST0.4)
ULSD

Premixed
(kJ)
2.7904
2.4944
2.4076
2.1626
2.2506

Diffusion
(kJ)
0.1393
0.2228
0.2686
0.4374
0.6582

Premixed
fraction
95.25%
91.80%
89.96%
83.17%
77.37%

6.3.3 Effect of Cetane Improver on the Physical Processes
In order to investigate the effect of the cetane improver on the physical
processes the fuels were injected into a nitrogen charge where the chemical process
are absent, except for the endothermic fuel dissociation process. It should be noted that
the drop in the RHR due to endothermic dissociation reactions has been reported to be
insignificant if compared with the drop due to the physical process in the IQT [190].
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Figure 6.5 shows the time history of the pressure and N.L. for (S) and (STs)
injected into a nitrogen charge at two charge temperatures of 778K and 848 K. No
difference is observed in all the traces for all the fuels.

Figure 6.5a Pressure and N.L. traces in nitrogen charge for (S) and (ST s) at 778 K
Figure 6.5b Pressure and N.L. traces in nitrogen charge for (S) and (ST s) at 848 K
Figure 6.6 shows the measured temperature profiles for (S) and (STs) injected
into nitrogen. These temperatures were measured by the local thermocouple as shown
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in Figure 3.10. It is observed that the temperature profiles do not show any variations
due to the additive at the two charge temperatures. Also, there is a delay in the start of
the drop in temperature, compared to the start of the drop in pressure. This can be
explained by the fact that the thermocouple measures a local temperature, while the
pressure measures a global phenomenon.

Figure 6.6a Measured the temperature traces in nitrogen charge for (S) and (STs) at 778 K
Figure 6.6b Measured the temperature traces in nitrogen charge for (S) and (STs) at 778 K
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6.3.4 Effect of Cetane Improver on Chemical Process
A series of tests were conducted at different charge temperature between 778
and 848 K by controlling the chamber skin temperature. All the tests were conducted at
a constant charge density of 8.9 kg/m3. The traces were analyzed, and the physical and
chemical delays were determined for the (S) and (STs) at different charge temperatures
by using the methodology introduced in Chapter 4. The results are given in Table 6.3
and plotted in Figure 6.7 versus the mean integrated temperature during the chemical
ignition delay period, rather than the temperature at the SOI. The chemical ignition
delay decreased with the increase in the percentage of the cetane improver. The
decrease in the chemical delay becomes less at higher temperatures. These results
also indicate that the effect of a cetane improver is more significant at low-temperatures.

Figure 6.7 Chemical ignition delays at mean temperature for different fuels

127
Table 6.3 Physical and chemical delays for all four fuels at different temperatures

Test
T (K)
778
788
798
808
818
828
838
848

Phy ID
(ms)
5.58
4.92
4.76
4.5
4.22
4.06
4.02
3.96

(S)
Chem ID
(ms)
3.1
2.8
2.68
2.5
2.44
2.34
2.06
2

(ST0.1)
Phy ID Chem ID
(ms)
(ms)
3.52
1.79
3.26
1.64
2.82
1.57
2.66
1.50
2.54
1.38
2.42
1.36
2.32
1.29
2.16
1.24

(ST0.2)
Phy ID Chem ID
(ms)
(ms)
3.4
1.57
3.16
1.48
2.84
1.37
2.6
1.34
2.48
1.27
2.34
1.19
2.26
1.14
2.12
1.10

(ST0.4)
Phy ID Chem ID
(ms)
(ms)
3.1
1.33
2.88
1.25
2.66
1.16
2.5
1.14
2.34
1.08
2.18
1.06
2.12
1.03
2
1.01

Figure 6.8 Pressure and N.L. traces in air and nitrogen charge for (S) and (ST0.4) at 818 K
Figure 6.8 shows the pressure and N.L. traces for (S) and (ST0.4) injection into
air and into nitrogen at a charge temperature of 818K. It is observed that the POI is
more advanced in (ST0.4) than (S). This implies that the additive accelerates the
initiation reactions in the early stage of the autoignition process [186, 191]. In other
words, the cetane improver enhances the radical pool formation in the early stage and
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provides an efficient mechanism of exothermic reactions [186, 191]. Thus, the
exothermic reactions start much earlier in the fuel with additives.

6.3.5 Arrhenius Plot and Apparent Activation Energy
The Arrhenius plot is developed for the chemical ID versus the reciprocal of the
absolute integrated mean temperature (in Kelvin) during the chemical ID period. The
apparent activation energies can be determined from the following Eqn. 6.1.

Figure 6.9 Arrhenius plots for chemical ignition delay versus the mean temperature for (S)
and STs)
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Table 6.4 Apparent activation energy for different fuels
Fuel
(S)
(ST0.1)
(ST0.2)
(ST0.4)
ULSD

Apparent activation energy
Ea (kJ/mole)
28.574
26.613
23.753
18.305
27.310

It should be noted that the activation energies calculated from Figure 6.9 do not
represent elementary chemical reactions but rather a large number of known, unknown,
simple and complex chemical reactions that occur during the autoignition process [109].
The apparent activation energies, Ea, of different fuels calculated from Figure 6.9 are
given in Table 6.4.
Table 6.4 shows that (ST0.4), which has the shortest chemical ID, has the
highest CN and lowest activation energy of 18.305 kJ/mole. Meanwhile, (S), which has
the longest ID, has the lowest CN and the highest activation energy of 28.574 kJ/mole.
ULSD has an activation energy of 27.31 kJ/mole, which is lower than (S) but higher than
the others. It should be noted that exothermic reactions of low activation energy fuels
take place earlier than high activation energy fuels.
Figure 6.10 shows the correlation between the apparent activation energy and
the percentage of the cetane improver. The figure shows the activation energy based on
the chemical ID decreases linearly with the increase in the percentage of the added
cetane improver used in this investigation.
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Figure 6.10 Correlation between activation energy based on the chemical delay and
concentration of cetane improver

6.4 Conclusions of Chapter 6
The following conclusions are based on an experimental investigation on the
effect of treating the low cetane Sasol IPK fuel with percentages of 2-EHN (2-ethylhexyl
nitrate cetane improver) ranging from 0.1% to 0.4%. The experiments were conducted
in the constant volume vessel of the Ignition Quality Tester (IQT) at a constant pressure
of 21.4 bar and temperatures varying from 778 to 848 K.


DCN of Sasol IPK increased from 31.1 to 41.5 (a gain of 10.4 units) by adding
0.4% of Lubrizol 8090 cetane improver to the fuel.



The highest gain of 6.8 in DCN was achieved by adding the first 0.1% of the
additive. The gain decreased gradually by adding higher percentages of the
additive.
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A detailed analysis of the RHR during the autoignition process showed the
impact of the additive on accelerating the early initiation reactions, leading to the
LT regimes, as well as exothermic reactions, leading to the high temperature
combustion.



Treating the fuel with the additive reduced the ID at different charge
temperatures. However, the LT regimes observed in the autoignition of the base
fuel were present with the treated fuel. Moreover, LT regimes do not only depend
on the DCN of a fuel but also are the characteristics of the bulk fuel.



For the original and treated fuel, the higher the charge temperature, the less
effective was the additive in reducing the ID.



The apparent activation energy based on the chemical ID decreased linearly with
the increase in the percentage of the added cetane improver.
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CHAPTER 7
EFFECT OF CETANE IMPROVER ON COMBUSTION
CHARACTERISTICS AND EMISSIONS OF COALDERIVED SASOL IPK IN A SINGLE CYLINDER DIESEL
ENGINE
7.1 Introduction
Fuel additives are one of the methods to enhance the autoignitability and
performance of low CN fuels in conventional diesel engines without the technology
upgrades. The effects of a cetane improver on autoignition, combustion, fuel economy,
and emissions of different species including particulate matters in the exhaust, were
investigated in a single cylinder diesel engine equipped with a common rail injection
system. Analysis of test results was made to determine the role of Lubrizol 8090 cetane
improver percentage in the coal-derived Sasol IPK blend on autoignition and
combustion characteristics, along with emissions of carbon monoxide (CO), total
unburned hydrocarbon (HC), oxides of nitrogen (NOx), and particulate matter. In
addition, the effect of the cetane improver on the apparent activation energy of the
global combustion reactions was determined.
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7.2 Literature Review
A commonly used cetane improver, such as 2-ethylhexyl nitrate (2-EHN), is used
to improve the ignition quality of a fuel. 2-EHN is stable at room temperature, but start to
decompose in a range of 400-550 K, producing additional assorted radicals to
accelerate initiation reactions in the early stage of the autoignition process [187, 192,
193]. But the autoignition low-temperature (LT) regime, which is a characteristic of
Sasol IPK, has been observed with treated fuel. The effect of the additive was to
accelerate the exothermic reactions which reduced the total ignition delay period [185,
186], as discussed in Chapter 6. In addition, the additive has negligible effect on
physical process such as vaporization, atomization, and mixture formation [181].
Some studies stated that the fuel economy and output power decreased with
adding CN improved into fuels [178, 194]. On the other hand, Tritthart reported that
volumetric fuel consumption was improved as CN increased on light-duty engines [195].
Green [181] stated that there was no significant difference of brake specific fuel
consumption (BSFC) between original and cetane improved fuels. But cetane improved
fuel produced more power than a naturally high cetane fuel. Furthermore, Kulinowski
stated that 2-EHN did not harm to diesel engines, but provided certain advantages such
as wear protection, smooth operation, and less misfire [196].
The effects of cetane improver on engine-out emissions were found to be
dependent on engine operating conditions. Reduction of NOx emissions was observed
with increase in the concentration of cetane improver due to decrease the premixed
burn fraction, resulting in lower peak temperatures and NOx formation [178-180, 183,
197]. But the improvement was significant beyond a certain value [178, 179]. On the
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contrary, the increase in NOx emissions with adding cetane improver were reported
under low-temperature combustion conditions [191, 198]. Other studies described an
ignorable effect of cetane improver on NOx emissions [199, 200]. Furthermore,
Nuszkowski [182] reported that the rate of heat release (RHR) is affected by the cetane
additive at low load engine running conditions, resulting in the reduction in NOx
emissions, but producing more NOx at high loads due to the increase in temperature. In
addition, most of the researchers agreed that unburned hydrocarbon (HC) and carbon
monoxide (CO) reduces with additive but not significant [178, 183, 199-201].
Particulate matter (PM) emissions have been of concern for diesel engines. PM
can be classified as nucleation mode particles (NMPs) below 50nm and accumulation
mode particles (AMPs) between 50-100 nm [156, 202]. The effect of cetane number on
PM emissions is not consistent between different researchers. With increase in the
concentration of cetane improver, some research showed the increasing trend of PM in
some engines [179, 180, 200], but reduction in PM in other studies [178, 203]. Also,
other studies reported no significant change in PM emissions for the treated fuels [182,
197, 201].
Few studies examined the effect of 2-ethylhexyl nitrate on the autoignition
process [185, 186], and the change in activation energy [184]. Therefore, this chapter
investigates the effect of cetane improver, 2-EHN, on the autoignition, combustion,
emissions, and apparent activation energy of coal-derived Sasol IPK.

7.3 Experimental Conditions and Procedures
In this study, the fuels tested are Sasol IPK with DCN 31.1, Sasol IPK plus 0.1%
cetane improver with DCN of 37.9 (Sasol0.1), and Sasol IPK plus 0.4% cetane improver
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with DCN of 41.5 (Sasol0.4). All the tests were conducted at steady state conditions.
IThe engine speed was maintained constant at 1500 RPM. and injection pressures of
400, 600, and 800 bar were used for each fuel. The fuel injection duration was adjusted
in order to maintain a constant load of an indicated mean effective pressure (IMEP)
equal to 3 bar. The SOI was kept same at 5 CAD before TDC (bTDC) to investigate the
autoignition and combustion characteristics. And the combustion phasing was kept
constant by maintaining peak of RHR at 5 CAD after TDC (aTDC) for emission
comparison. This is also known as location of peak of premixed combustion (LPPC).
The intake air temperature and pressure was maintained at 50 °C (122°F) and 1.1 bar,
respectively. The exhaust gas pressure was kept constant at 1.1 bar. The swirl ratio
was maintained constant at 3.77 and all tests were conducted at 0% exhaust gas
recirculation (EGR) to compare the basic autoignition characteristics and emissions
between the fuels. In order to investigate the effect of cetane improver on activation
energy, the intake temperature was increased in step of 10 °C and intake pressure was
adjusted accordingly to maintain the same charge density [204], which is monitored by a
Lamda sensor. The summary of engine testing conditions is given in Table 7.1.
The engine was allowed to stabilize before recording data. Fuel consumption
was measured in terms of mass quantity of fuel consumed within a certain time period.
Then, the averaged value was calculated to minimize any instantaneous variation in the
fuel flow rate. The engine-out exhaust emissions were recorded at 5 different instances
during each steady state run using HORIBA test bench and the averaged value was
determined. The PM measurement was obtained by using SMPS. The sampling
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duration for each sample was 135 seconds. An average of 5 data sets was considered
to determine the particle size distribution.
Table 7.1 Test matrix and experimental conditions

Fuel
Engine Speed
Injection Pressure
Load
Swirl Ratio
EGR
Intake Pressure
Exhaust Pressure
Intake Temperature
Coolant Temperature

Sasol IPK
Sasol IPK with 0.1% cetane improver
Sasol IPK with 0.4% cetane improver
1500 RPM
400, 600, 800 bar
3 bar IMEP
3.77
0%
1.1 bar
1.1 bar
50 (122) – 110 °C (230 °F)
82.2 °C (180 °F)

7.4 Experimental Results
7.4.1 Definition of Ignition Delay
The definition of ID is the time elapsed between the SOI and SOC. All
researchers agree on the SOI as the start of ID. However, several criteria have been
used to define the end of ID or SOC, including heat release rise [152, 205-207],
pressure rise [52, 57, 59, 109, 152], and luminosity delay [107, 111, 185]. In order to
include LT or NTC regimes into the ID period, the SOC is defined as the point, at which
dP/dӨ switches from a negative value to a positive value in the firing pressure trace, as
shown in Figure 7.1.
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Figure 7.1 Definition of ignition delay from pressure trace
The values for the ID period of the Sasol IPK, (Sasol0.1), and (Sasol0.4) are
obtained at SOI of 5 CAD bTDC, IMEP of 3 bar, and injection pressure of 800 bar
engine running condition, as shown in Table 7.2 along with their DCNs. It shows that the
ID was reduced, from 11.1 CAD for Sasol IPK to 8.2 CAD for (Sasol0.4), indicating a
reduction of 26%. The corresponding increase in DCN is 10.4 units. And the ID just
reduced by 0.9 CAD from (Sasol0.1) to (Sasol0.4) with a reduction of 10%. It should be
noted that the decrease in ID is not linear with the increase in percentage of additive.
Moreover, the rate of decrease in ID reduces with the increase in percentage of the
additive. The reason behind this phenomenon is not clear at the present time.
Table 7.2 Ignition delay and DCN for different fuels
Fuel
Sasol IPK
Sasol IPK with 0.1% additive
Sasol IPK with 0.4% additive

ID (CAD)
11.1
8.7
7.8

DCN
31.1
37.9
41.5
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7.4.2 Effect of Cetane Improver on Autoignition and Combustion
Characteristics
The time histories of the cylinder pressure, N.L. and RHR are given in Figure 7.2
for the Sasol IPK, (Sasol0.1), and (Sasol0.4). The data was collected, for all the fuels, at
SOI of 5 CAD bTDC, IMEP of 3 bar, and injection pressure of 800 bar. The main
injection process is completed at about 1 CAD aTDC which is before the rise in RHR
due to autoignition and combustion. As expected, Sasol IPK has the longest ID and
produces the lowest peak pressure and RHR due to the autoignition takes place in the
late expansion stroke, resulting in loss of thermal efficiency (approximately 37%). On
the other hand, (Sasol0.4) has the shortest ID and produces the highest peak pressure
and RHR due to the autoignition takes place close to TDC, resulting in better thermal
efficiency (approximately 42%). It is also evidence that the injection duration of Sasol
IPK is slightly longer than others from the N.L. traces in order to keep the same IMEP.
The indicated specific fuel consumptions (ISFC) are 227.1 g/kW-hr for Sasol IPK, 214.7
g/kW-hr for (Sasol0.1), and 202.1 g/kW-hr for (Sasol0.4). In addition, it is noticed that
the peak of RHR is improved from 42 J/CAD to 74 J/CAD by adding 0.1% additive;
however, it is improved from 74 J/CAD to 90 J/CAD by another 0.3%. It suggests that
the peak of RHR is also improved by adding the CN improver but the degree of
improvement decreases with the increase in the concentration of additive.
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Figure 7.2 Pressure, RHR, and N.L. traces for the three fuels
Figure 7.3 shows the detailed RHR for the three fuels during the autoignition
period. It can be observed that there is a drop in RHR, which is mainly caused by the
heat transferred from the air charge to fuel droplets for heating, evaporation, vapor
superheating, and endothermic reactions. The area of drop is mainly due to the
combination of two factors: (i) the evaporation rate of the fuel caused by its volatility, (ii)
the rate of exothermic reactions caused by the molecular structure. Since the volatility of
the original fuel does not change with the additive percentage [181], as discussed in
Chapter 6, the drop area for the three fuels is mainly due to the rate of exothermic
reactions. Sasol IPK has the largest drop area of 8.9 J, indicating the rate of exothermic
reactions is slow and exothermic reactions take place late. Conversely, (Sasol0.4) has
the least drop area of 5.3 J, indicating the exothermic reactions were accelerated by
cetane improver. Compared to (Sasol0.4), (Sasol0.1) has a slightly larger area of 5.7 J,
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suggesting the rate of exothermic reactions is slower than (Sasol0.4), but higher than
Sasol IPK.
After the drop, there is a gradual increase in the RHR to a LT autoignition regime,
followed by a sharp rise indicative of the start of high temperature combustion. It is
observed that Sasol IPK exhibited NTC regime, and it reduced with 0.1% additive.
Moreover, the NTC regime recessed to LT regime by adding more additive to 0.4%.
This suggests that the additive not only accelerates exothermic reactions at the early
stage of autoignition process, but also reduces the NTC regimes.

Figure 7.3 Detailed RHR traces for the three fuels at same SOI
Figure 7.4 shows the normalized cumulative heat release for the three fuels from
SOI to the exhaust value close (EVC). Table 7.3 gives the heat release in premixed and
diffusion combustion and the premixed burn fraction. Since the volatility is not changed,
the premixed combustion fractions are expected to be proportional to the length of the
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IDs. Sasol IPK has the most premixed burn fraction of 88.7% due to its very long ID,
resulting in more charge homogeneity. On the other side, (Sasol0.4) has the least
premixed burn fraction of 80.4%.

Figure 7.4 Normalized cumulative heat release for the three fuels
Table 7.3 Heat release and premixed burn fractions for the three fuels
Fuel
Premixed (J) Diffusion (J) Premixed Burn Fraction (%)
Sasol IPK
2171.4
278.8
88.7
Sasol IPK with 0.1% additive
2014.6
427.0
82.5
Sasol IPK with 0.4% additive
1995.4
472.4
80.4

7.4.3 Effect of Intake Temperature on Autoignition Characteristics of
Fuels Treated with Cetane Improver
In this section, the tests were conducted at SOI of 5 CAD bTDC, IMEP of 3 bar,
injection pressure of 800 bar, intake pressure of 1.1 bar, and intake air temperature of
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50 and 110 ºC. The cylinder pressure, N.L. and RHR are plotted with respect to CAD for
the three fuels, as shown in Figure 7.5. There is a gap between the pressure traces of
50 and 110 ºC before SOI, because the air density is reduced at the higher intake
temperature. The increase of 60 degree in the intake temperature resulted in an
increase of 132 degree in the mass average charge temperature at SOI. The
temperature increased from 869K to 1001K, which reduced the ID; however, it
increased the peak of pressure and premixed combustion. This can be explained by the
following factors: (i) the combustion phasing takes place close to TDC with the reduction
in ID, (ii) the increase rate of evaporation at the higher temperature over-compensates
the reduction in the ID period, (iii) the rate of autoignition reactions are accelerated at
the higher temperature.
It is also observed that the ID is reduced for all the fuels when the intake
temperature increased from 50 to 110 ºC, but the reduction in ID is not uniform, as
shown in Table 7.4. With the increase in temperature, the reduction of ID is 1.2 CAD for
Sasol IPK, 0.7 CAD for (Sasol0.1), and 0.2 CAD for (Sasol0.4), respectively. It suggests
that the cetane improved fuel is not as sensitive as the original fuel to the increase in
temperature. Furthermore, by adding 0.4% cetane improver, the ID decreases from 11.1
to 7.8 CAD (by 3.3 CAD) at 50 ºC, but only 2.3 CAD reduction in ID at 110 ºC. It
indicates that effect of cetane improver is more significant at low temperature [185].
Table 7.4 Ignition delay at different intake temperature for the three fuels
Fuel
ID at 50°C (CAD) ID at 110°C (CAD)
Sasol IPK
11.1
9.9
Sasol IPK with 0.1% additive
8.7
8.0
Sasol IPK with 0.4% additive
7.8
7.6
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Figure 7.5 Pressure, RHR, and N.L. traces for the three fuels at intake temperature of 50
and 110 °C
The zoomed in RHR traces in Figure 7.6 show that both LT and NTC regimes are
observed for all three fuels at 50 ºC intake air temperature. Increasing the concentration
of additive to 0.4% eliminated NTC regime at 50 ºC, but still kept the LT combustion
regime. On the other hand, adding 0.4% cetane improver into Sasol IPK eliminated both
the LT and NTC regimes at 110 ºC. It reveals that the rate of autoignition reactions for
the cetane improved fuel is further accelerated at higher intake temperature, which also
affects reactions during the NTC regimes.
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Figure 7.6 Detailed RHR traces for the three fuels at intake temperature of 50 and 110 °C

7.4.4 Effect of Injection Pressure on Combustion Behavior of Fuels
Treated with Cetane Improver
Figure 7.7 shows the cylinder pressure, N.L. and RHR traces for the Sasol IPK,
(Sasol0.1), and (Sasol0.4) at same combustion phasing of LPPC 5 CAD aTDC and
injection pressure of 400, 600, and 800 bar. The main injection process is completed
before the rise in RHR for all the three fuels. It is expected that 400 bar injection
pressure has the advanced SOI, longer injection duration and longer ID than 800 bar
injection pressure. And it is noticed that the ID decreases by 2.7 CAD with 0.4% additive
at 800 bar injection pressure, but it reduces by 3.4 CAD at 400 bar injection pressure,
as shown in Table 7.5, indicating that the improvement on ID is more at lower injection
pressure than high injection pressure at this operating condition.
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Figure 7.7 Pressure, RHR, and N.L. traces for the three fuels at injection pressure of 400
and 800 bar
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Table 7.5 Ignition delay, peak of RHR, and NTC area for the three fuels at different
injection pressure

Fuel
Sasol IPK
Sasol IPK with
0.1% additive
Sasol IPK with
0.4% additive

Injection
Pressure
(bar)
800
400
800
400
800
400

Ignition
Delay
(CAD)
9.7
10.7
8.3
8.7
7.0
7.3

Peak of
RHR
(J/CAD)
57.8
74.1
75.7
86.1
89.5
85.7

Area of
Drop (J)

Area of
NTC (J)

9.01
7.63
7.05
5.92
5.58
4.66

7.36
0
7.57
0
0
0

The peak of RHR increases from 57.8 to 89.5 J/CAD (approximately 55%) with
the increase in cetane improver at 800 bar injection pressure. However, the peak of
RHR increases from 74.1 to 85.7 J/CAD (approximately 16%) with the increase in
additive at 400 bar injection pressure, and it is very close between (Sasol0.1) and
(Sasol0.4). Since high injection pressure, long ID, and high volatility enhances the spray
penetration, atomization, evaporation, and homogeneity mixture formation [10, 208,
209], the over-lean regions are formed locally at relatively low charge temperature due
to high injection pressure, causing the high evaporation rate. And further mixing reduces
gas temperature with no addition into heat release [176]. Furthermore, small
independent flame fronts propagate from the ignition nuclei to the combustible mixture
is inhibited by the over-lean mixture, defined as “Lean Flame-Out Region” (LFOR) [177],
particularly at low load. Thus, a low peak of RHR is produced in the LFOR for the case
of 800 bar injection pressure, which is affected by the fuel-air mixing rate [177, 210].
While the ID reduces with the increase in additive, autoignition takes place earlier
before the formation of LFOR due to low activation energy achieved, resulting in a
higher peak of premixed combustion, as shown in Figure 8(a). In contrast, high volatility
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combined with low injection pressure produces decent peak of RHR, despite of the long
ID, as shown in Figure 8(b). It is suggested that the peak of premixed combustion is not
always higher for the fuel with long ID. It is also related to fuel-air mixing rate, fuel vapor
concentration, and local temperature. In addition, partial oxidation products, such as CO
and HC are expected to be high in LFOR, which is discussed in the next section.
Figure 7.8 shows the zoomed RHR for the three fuels during the autoignition
period at different injection pressure. It is observed that the bottom of the drop in RHR is
lower at higher injection pressure than that of lower injection pressure, indicating that
high injection pressure has a faster rate of evaporation and absorbs more heat from the
surrounding. It is worth noting that the area of LT and NTC regimes recess not only with
the increase in additive as discussed in the previous section, but also with the decrease
in injection pressure. Although (Sasol0.4) does not produce NTC but LT regime at high
injection pressure, the LT combustion characteristics become invisible at 400 bar
injection pressure. On the other hand, the NTC regime of Sasol IPK recesses to LT
regime from 800 to 400 bar injection pressure. It may be explained by increased
evaporation rate as the injection pressure is raised, leading the local equivalence ratio,
and the rate of chemical reactions in the certain charge temperature window, in which
the LT and NTC phenomenon occurs [116].
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Figure 7.8 Detailed RHR traces for the three fuels at different injection pressure

7.4.5 Effect of Cetane Improver on Engine-Out Emissions
The emission data was collected, for all the fuels, at same combustion phasing of
LPPC 5 CAD aTDC, IMEP of 3 bar, and injection pressure of 400, 600, and 800 bar. An
average of 5 data sets from HORIBA and SMPS test bench is presented in this section.
7.4.5.1 Carbon Monoxides Emissions
CO emissions in diesel engines are the result of incomplete combustion of locally
rich mixtures, locally over-lean mixtures, and intermediate species left over in the
exhaust stroke. The degree of oxidation depends on the availability of oxygen, other
oxidants such as OH, and the local temperature.
Figure 7.9 shows CO emission bar chart at different injection pressures for the
three fuels. It is observed that CO concentration of Sasol IPK is about 2300 ppm at 800
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bar injection pressure, which is fairly high in a diesel engine. This could have been
caused by two factors: the quality of the charge and its temperature. The homogeneity
of the charge depends on the degree of atomization of the fuel sprays. While the
injection pressure reduces, CO concentration decreases to about 740 ppm due to the
decrease in over-lean mixture regime, resulting in the increase in gas temperature.
Similar trends are obtained for (Sasol0.1) and (Sasol0.4). The value of CO
concentration reduces approximately from 1380 to 438 ppm for (Sasol0.1), and from
800 to 328 ppm for (Sasol0.4), respectively.

Figure 7.9 CO emissions versus injection pressure for the three fuels
Further, it is noticed that an increase trend in CO emissions with decrease in
cetane additive at all injection pressure. This can be attribute to the following factors: i)
combustion deterioration such as high evaporation heat absorption, as shown in Table
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7.5, could be responsible for the increase in CO emissions [178]. ii) long ID results in
the increase in CO emissions. However, CO concentration decreases, caused by short
ID which avoids the formation of over-lean mixture, resulting in a higher gas
temperature and better oxidation conditions during the expansion stroke.
7.4.5.2 Unburned Hydrocarbon Emissions
The unburned HC consists of decomposed fuel molecules and recombined
intermediate species, which can be formed from LFOR, spray core, fuel on the walls
and etc.

Figure 7.10 HC emissions versus injection pressure for the three fuels
Figure 7.10 shows that HC emissions decreases with increase in cetane additive.
It can be explained by shorter ID period allowing less evaporated fuel in LFOR
combined with enhanced oxidation in the expansion stroke. It is also noticed that HC
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concentration is more at high injection pressure due to over-lean mixture enhancing the
HC formation in LFOR. The effect of cetane improver on HC is similar to its effects on
CO, as explained earlier.
7.4.5.3 Nitrogen Oxides Emissions
NOx is not formed during the compression stroke and LFOR because of the
relatively low temperature, but in the later high temperature combustion process. In
addition, NOx formation rate is high in slightly rich mixture regions due to the high
temperature, but the maximum concentration of NOx is obtained in slightly lean mixture
regions.

Figure 7.11 NOx emissions versus injection pressure for the three fuels
Figure 7.11 shows an increase in NOx with increase in the cetane improver. This
is attributed to the improvement of combustion efficiency and premixed combustion,
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resulting in higher combustion gas temperatures. Similarly, NOx emissions increase
with the reduction of injection pressure, because the formation of LFOR regions is
inhibited and the vaporization latent heat reduces at low injection pressure. It is also
observed that the slightly higher NOx emissions of (Sasol0.1) are produced than that of
(Sasol0.4) at lower injection pressure. It can be explained by the marginally higher peak
of RHR and probably higher mass average cylinder temperature leading to higher NOx
emissions, as shown in Table 7.5 and Figure 7.7(b).
7.4.5.4 Particulate Matter Emissions
The PM emissions in diesel engines are the results of incomplete combustion of
hydrocarbon due to the absence of oxygen. PM can be classified into three categories
based on their size as follows: (i) NMPs also namely as nano-particles, range from 2nm
to 50nm in diameter and mainly consists of water vapor, sulfur and soluble organic
fractions (SOF). (ii) AMPs, range from 50nm to 300nm and consist of carbon particles or
soot. Usually fuels rich in aromatics tend to produce more AMPs; (iii) coarse mode
particles, bigger than AMPs, known as PM10, which affects the atmospheric air quality
in general [211].
The PM number density distribution for the three fuels is plotted against particle
size at 800 bar injection pressure, as shown in Figure 7.12. This data was recorded
using the long-DMA and low flow, as explained in the previous chapter. As seen, all the
three fuels do not produce NMPs under this operating condition. It is observed that
increasing cetane improver raised the peak number concentration of diameter
distribution, indicating an increase in AMPs. The peak value increases by almost three
times just by adding 0.4% cetane improver. Similarly, PM mass distribution for the three
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fuels at 800 bar injection pressure is shown in Figure 7.13. Most of the mass of the
particles is due to the larger diameter PM, especially in the AMPs range [202, 212]. It is
noticed that the peak of mass distribution increases double with additive of 0.4%.
The fuel was not injected into the flame, since the end of injection is over before
the sharp rise of RHR, as shown in Figure 7.7. It indicates that the soot formation is
mainly due to the unburned species left over from combustion process rather than
diffusion process. Based on the theory of Φ – T map, soot forms at the condition of
temperature range from 1500 to 2500K and equivalence ratio above 2 [213]. Moreover,
further mixing process reduce the temperature with no addition into the heat release.
Since Sasol IPK has the longest ID and high volatility, indicating the over-lean mixture
formation, the temperature and equivalence ratio are not located in the soot formation
range. Thus, Sasol IPK produces less PM emissions. On the other side, (Sasol0.4) has
short ID and high peak of RHR resulting in a high temperature condition for soot
formation. Furthermore, the higher local equivalence ratio regions of (Sasol0.4) are
expected to be more than that of Sasol IPK due to short time for mixing process.
Therefore, (Sasol0.4) is probably located in the area, which is close to the soot
formation region of Φ – T map, resulting in more PM emissions than the others.
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Figure 7.12 Average particulate number distribution for the three fuels at 800 bar injection
pressure

Figure 7.13 Average particulate mass distribution for the three fuels at 400 bar injection
pressure
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Figure 7.14 Average particulate number distribution for the three fuels at 400 bar injection
pressure

Figure 7.15 Average particulate mass distribution for the three fuels at 400 bar injection
pressure
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Figures 7.14 and 7.15 show the PM number density and mass distribution for the
three fuels at 400 bar injection pressure. It is observed that all the three fuels do not
produce NMPs under this operating condition. Similarly to the case of 800 bar injection
pressure, the peak number concentration of diameter distribution increases with the
increase in the amount of additive, but not significant. The peak value of AMPs raises
by approximately 40% with 0.4% CN additive added into the original fuel.
Correspondingly, the peak of PM mass distribution of (Sasol0.4) increases by about
50%, compared to that of the original Sasol IPK. It is interesting to notice that the peak
of number concentration is lower for (Sasol0.1) and (Sasol0.4) at 400 bar injection
pressure than that of 800 bar injection pressure case, but insignificant variations for
Sasol IPK in both cases. The possible reason can be the poor oxidation condition at
higher injection pressure due to further mixing, resulting in over-lean mixture and LFOR.

7.4.6 Effect of Cetane Improver on Apparent Activation Energy
In this section, the tests were conducted at same SOI of 5 CAD bTDC, IMEP of 3
bar, injection pressure of 800 bar, and constant charge density. The intake temperature
was increased in step of 10 °C and intake pressure was adjusted accordingly to
maintain the same charge density, which is monitored by a Lamda sensor.
The Arrhenius plot is developed for the ID versus the reciprocal of the absolute
integrated mean temperature (in Kelvin) during the ID period. The apparent activation
energies can be determined from Eqn. 7.1, where Ea is the activation energy, Ru is the
universal gas constant, A is pre-exponential factor, and T is the ambient temperature.
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It should be noted that the activation energies calculated from Figure 7.16 do not
represent elementary chemical reactions but rather a large number of known, unknown,
simple and complex chemical reactions that occur during the entire autoignition process
[109]. The apparent activation energies, Ea, of different fuels calculated from Figure
7.16 are given in Table 7.6.

Figure 7.16 Arrhenius plot of ID versus integrated mean temperature for the three fuels
Table 7.6 Apparent activation energy for the three fuels
Fuel
Apparent Activation Energy Ea (kJ/mole)
Sasol IPK
13.14
Sasol IPK with 0.1% additive
10.59
Sasol IPK with 0.4% additive
9.88
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Table 7.6 shows that (Sasol0.4), which has the shortest ID and the highest DCN,
has the lowest activation energy of 9.88 kJ/mole. Meanwhile, Sasol IPK, which has the
longest ID and the lowest DCN, has the highest activation energy of 13.14 kJ/mole.
(Sasol0.1) has activation energy of 10.59 kJ/mole, which is lower than Sasol IPK but
higher than (Sasol0.4). It should be noted that exothermic reactions of low activation
energy fuels take place earlier than high activation energy fuels.
Figure 7.17 shows the correlation between the apparent activation energy and
the percentage of the cetane improver. The figure shows the activation energy
decreases linearly with the increase in the percentage of the added cetane improver
used in this investigation.

Figure 7.17 Correlation between apparent activation energy and the percentage of cetane
improver
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7.5 Conclusions of Chapter 7
The following conclusions are based on an experimental investigation on the
effect of 2-EHN with percentages varying from 0.1 to 0.4% on coal-derived Sasol IPK.
The experiments were conducted in the single cylinder diesel engine to study the
autoignition, combustion, performance, and emissions between the original and CN
treated fuels.


The decrease in ID is not linear with the increase in the percentage of the cetane
improver. Further, the rate of decrease in ID reduces gradually with the increase
in percentage of the additive.



A detailed analysis of the RHR during the autoignition process showed the
impact of the additive not only on accelerating the initiation reactions at the early
stage of autoignition period, but also on recessing the LT and NTC regimes.



The effect of cetane improver is more significant in the reduction of ID at low
temperature. And the treated fuel is less sensitive to the increase in temperature.



The reduction in ID is more at low injection pressure with adding cetane improver
into the fuel.



Both CO and HC emissions decrease with the increase in the concentration of
cetane improver, and the reduction is more significant at high injection pressure.



NOx and PM emissions increase simultaneously with the increase in the
percentage of CN additive, and the degree of increase is more at high injection
pressure.



The apparent activation energy decreased linearly with the increase in the
percentage of the added cetane improver.

160

CHAPTER 8
ROLE OF VOLATILITY IN THE DEVELOPMENT OF JP8 SURROGATE FOR DIESEL ENGINE APPLICATION
8.1 Introduction
A better understanding of the autoignition and combustion characteristics of
alternative fuels in internal combustion (IC) engines is needed, to improve engine
performance,

emissions,

and

fuel

economy.

Gaining

this

understanding

via

experimentation is very challenging because real fuels, such as JP-8, are composed of
thousands of components for which the combustion mechanisms are not known. A
reasonable approach is to develop a surrogate fuel with a defined composition that
mimics the characteristics and properties of the real fuel.
Surrogates for JP-8 have been developed in the high temperature gas phase
environment of gas turbines. In diesel engines, the fuel is introduced in the liquid phase
where volatility plays a major role in the formation of the combustible mixture and
autoignition reactions that occur at relatively lower temperatures. In this Chapter, the
role of volatility on the autoignition and combustion characteristics of JP-8 and five
different surrogate fuels were investigated in the IQT. In addition, the effect of volatility
on the spray dynamics was studied by Schlieren imaging in an optically accessible
RCM.
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8.2 Literature Review
Generally, the surrogate fuel is supposed to have (i) a limited number of
components, (ii) similarity in properties and combustion characteristics to the real fuel,
(iii) high purity, and (iv) low cost. Due to the different interests of study, a surrogate fuel
can be proposed to emulate certain properties of the real fuel [214]. Surrogate fuels can
be typically classified as physical surrogates that match the physical properties of the
real fuel, such as distillation curve, density, and viscosity, and chemical surrogates that
match the chemical properties of the real fuel, such as soot tendency, ignition delay,
species, etc [215, 216].
Many proposed surrogate fuels have been studied in different experimental
devices [19, 217-229]. A pressurized flow reactor (PFR) is widely used to investigate the
NTC regime, reactivity and intermediate species during low temperature oxidation of
fuels. Lenhart [215], Agosta [216], and Cemansky [218] found that strong NTC behavior
was observed for all JP-8 samples. However, none of the surrogate fuels matched the
start of the NTC regime with JP-8 samples although some surrogates provided the
closest match to the reactivity. Moreover, the study suggested that increasing the
overall aromatic content of a fuel would tend to decrease reactivity but cause no
significant effects on the start of the NTC region. Dooley et al. [219, 220] reported that
their first (n-decane/iso-octane/toluene) and second (n-dodecane/iso-octane/1,3,5trimethylbenzene/n-propylbenzene) generation surrogate fuels produced a very similar
concentration of intermediate species compared to the real fuel during low temperature
oxidation process although the first generation surrogate fuel was much more volatile
than the second generation surrogate fuel. Based on previous studies, an important
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corollary is that two fuels should have very similar oxidation characteristics in
fundamental experiments if the main combustion property targets are matched, such as
DCN, hydrogen-carbon ratio (H/C), molecular weight (MW), and threshold sooting index
(TSI) [19, 219-223].
In order to examine global combustion kinetic behavior, shock tubes and rapid
compression machines are the most commonly used to obtain ID, pressure and RHR
traces. Studies have shown that the IDs of surrogate fuels were very close to the actual
fuel in a shock tube [19, 219-221, 224] although the two-stage ignition from the pressure
and RHR traces exhibited a great difference from that of the actual fuel in a RCM [219,
220]. Other aspects of surrogate fuels have also been investigated in different types of
experimental systems. Honnet [225] reported that the Aachen (n-decane/1,2,4trimethylbenzene) surrogate fuel accurately reproduces the extinction strain rate and
volume fraction of soot formation in laminar non-premixed flows. Humer [226] indicated
that the extinction characteristics of Aachen and modified Aachen (n-dodecane/1,2,4trimethylbenzene) surrogate fuels agree well with JP-8 in laminar non-uniform flows.
It should be noted that most of the surrogate work in PFR, shock tube, and RCM
were conducted with fuels in the gas phase. However, few studies have shown
differences in thermophysical properties of an actual fuel and its surrogate fuels, such
as distillation curve, density, sound speed, viscosity, and thermal conductivity [227-231].
The previous publications show that surrogates for JP-8 have been developed,
mostly, for gas turbine application [19, 217-224]. However, these surrogates may not be
suitable for diesel engines because fuel volatility has not been considered as a prime
property of the surrogates. The surrogate fuels proposed by Violi [232] show a better fit
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of the distillation characteristics to mimic the volatility of JP-8. However, this study did
not include experimental work to examine the effect of volatility on autoignition and
combustion characteristics.
In diesel engines, fuel volatility has a strong impact on combustion, engine
performance and emissions. Therefore, there is a need to investigate the role of
volatility in surrogate development for diesel engine applications in terms of spray,
autoignition, and combustion characteristics in multi-phase heterogeneous combustion
conditions.

8.3 Equations and MATLAB Code
8.3.1 Equations
The equations used for the calculation of DCN, density, H/C ratio, MW, and TSI
of the surrogates are discussed below.
8.3.1.1 Derived Cetane Number
The assumption of linear relationship between the volume fraction of the
individual fuel components and DCN is made in order to estimate the DCN of a mixture
as suggested in the previous study [229].

where DCNi is DCN of component i, V’i is volume fraction of component i.
8.3.1.2 Hydrogen-Carbon Ratio
The H/C ratio is calculated using the Eqn 8.2 as below:
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where Xi is mole fraction of component i, nH,i is the number of hydrogen atom per mole
of component i, nC,i is the number of carbon atom per mole of component i.
8.3.1.3 Threshold Sooting Index
The value of TSI is calculated based on the linear relationship between the mole
fraction and TSI of components, as suggested in the previous study [233].

where TSIi is TSI of component i, Xi is mole fraction of component i.
8.3.1.4 Molecular weight
The linearity formula is used to calculate the value of MW, as shown below.

where MW i is MW of component i (g/mol), Xi is mole fraction of component i.
8.3.1.5 Lower Heating Value
The value of LHV is estimated based on the linear relationship between the mass
fraction and LHV of components.

where LHVi is LHV of component i (MJ/kg), wi is mass fraction of component i.
8.3.1.6 Density
The density, or the volumetric mass density, of a substance is its mass per unit
volume. Mathematically, density is defined as mass divided by volume, as shown below.

where ρ is the density, m is the mass, and V is the volume.
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8.3.2 MATLAB Code Approach
The MATLAB code includes set of equations described above and a database of
properties for individual pure compounds. This code is designed in the way that allows
any number of pure components to be taken into the calculation with provided database
of fuel properties. In addition, user is allowed to specify the calculation tolerance for
each targeted properties. The code provides all the composition of surrogate mixture
that matches the target fuel. In other words, even lots of components are selected in the
code, the multiple choices of surrogate compositions can be generated from the
minimum number of components to the maximum number of components that match
the specified fuel properties.

8.3.3 Procedures of Surrogate Optimization
In the MATLAB code, tolerance is specified for the targeted properties, such as
DCN, density, LHV, H/C ratio, MW, and TSI. The tolerance for DCN is set to be larger
than other properties in order to obtain the mixtures with similar density, LHV, H/C ratio,
MW, and TSI, but wide range of DCNs. Because the actual DCN is measured in the
IQT, due to the variations between calculated and measured DCN [229]. The evaluation
of volatility for each surrogate fuel will explained in the following process.
If the MATLAB code does not generate surrogate composition, a relatively large
tolerance needs to be specified for the less important targeted properties, such as TSI
and MW, following by H/C ratio. The calculation is executed again, and the process is
repeated until satisfied composition is generated.
After the surrogate composition list is successfully obtained from the code, the
DCN of one mixture from the list is selected and measured in the IQT. If the measured
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DCN is lower than the desired DCN of the target JP-8, then another mixture from the list
with higher calculated DCN is chosen and measured in the IQT. This process is
repeated until the measured DCN of a mixture matches with that of the target JP-8.
Hence, the surrogate fuel with similar properties to target JP-8 is found and selected for
the volatility evaluation.
The distillation curves of the mixtures are simulated using Aspen HYSYS
software. The mixture that has the closest distillation curve as that of the target JP-8 is
selected for the experimental study.
The flow chart for the procedures of surrogate formulation and optimization is
shown in Figure 8.1.
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Figure 8.1 Flow chart for the procedures of surrogate formulation and optimization [234]
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8.4 Fuel Properties
8.4.1 Volatility
Unlike conventional diesel fuel, JP-8 is not well classified and has a wide range
of CN and volatility. The overall volatility of a fuel can be identified by its distillation
curve [232]. In the current investigation, the distillation curve of a specific JP-8 fuel was
measured at the Southwest Research Institute (SwRI) according to ASTM D86 [235],
the other properties of JP-8 are shown in the Appendix. The distillation curves of the
surrogate fuels were calculated using the Aspen HYSYS [236] software package, and
the Peng-Robinson model was chosen to solve the state equations, based on ASTM
D86.

8.4.2 Derived Cetane Number
As discussed in the previous section, the DCN of a surrogate fuel was calculated
based on a linearity assumption between the volume fraction and the DCN of its
components [229]. However, calculated DCNs are not always consistent with measured
DCNs. Thus, the DCNs of all the surrogate fuels in the current study were measured in
the IQT. The choice of the surrogate components was guided by data published in the
literature. In order to compare the effects of volatility on autoignition and combustion
characteristics, some minor modifications were made to their volume percentages to
keep the same DCNs of surrogate fuels. Meanwhile, other properties such as density,
H/C, MW of the surrogate fuels were optimized to match the target JP-8 by using the
MATLAB code, as introduced in the earlier section.
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8.4.3 Density
In a multi-phase heterogeneous combustion system, density is a very important
factor for autoignition process because a fuel is injected by volume in diesel engines.
Also, the same density of a fuel implies the same mass of fuel injected into the
combustion chamber, which is related to the global equivalence ratio and heating value.
Thus, the density of surrogate fuels was optimized to match the target JP-8.

8.4.4 Lower Heating Value
LHV is the amount of energy released during combustion of the specified amount
of a fuel, and it is very important to diesel engine applications. Thus, the LHVs of
surrogate fuels were optimized to match the target JP-8.

8.4.5 Hydrogen-Carbon Ratio
H/C ratio is closely related to the adiabatic flame temperature, local air-fuel
stoichiometry, enthalpy of autoignition reactions, flame speed, etc [237]. Thus, the H/C
ratios of surrogate fuels were optimized to match the target JP-8.

8.4.6 Other Properties of Surrogates
The average MW is correlated with fuel diffusion process in the gas phase [238].
TSI is an overall measure of the tendency for soot formation. Thus, these properties of
surrogate fuels were optimized to be close to the target JP-8 although the correlation
between TSI and particulate matter formation in diesel engines is not known at the
present time.
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8.4.7 Surrogate Fuels
The following six fuels were tested in the current study: (i) JP-8, a military
aviation fuel; (ii) surrogate fuel #1 [219], denoted as “SF1”; (iii) surrogate fuel #2 [225,
226, 239], denoted as “SF2”; (iv) surrogate fuel # 3 [226], denoted as “SF3”; (v)
surrogate fuel #4 [240], denoted as “SF4”; and (vi) surrogate fuel #5 [215, 232], denoted
as “SF5”. It should be noted that the selection of pure components was guided by the
previous publications and minor modifications were made to match the properties of
current JP-8 batch at Wayne State University (WSU). The properties and composition
(volume basis) of tested fuels are listed in Table 8.1. The pure components used in this
study are as follows: (a) n-hexadecane, as “n-C16”, (b) n-dodecane, as “n-C12”, (c) ndecane, as “n-C10”, (d) 2,2,4,4,6,8,8-heptamethylnonane (iso-cetane), as “I-C16”, (e)
2,2,4-trimethylpentane (iso-octane), as “i-C8”, (f) decahydronaphthalene, as “decalin”,
(g) methylcyclohexane, as “MCH”, (h) 1,2,4-trimethylbenzene, as “TMB”, (i) m-xylene,
as “xylene”, and (j) toluene. The detailed pure component information is shown in the
Appendix.
Table 8.1 Properties of JP-8 and surrogate fuels with their composition

n-C16
n-C12
n-C10
i-C16
i-C8
decalin
MCH
TMB
xylene
toluene

Fuel Composition
JP-8
SF1
SF2
SF3
60
54
66
30
34
40
16
-

SF4
36
14
24
8
18

SF5
1
49
16
19
11
4
-
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DCN
49.24*
Density (g/ml) 0.802*
LHV (MJ/kg) 43.2*
H/C ratio
1.93*
MW (g/mol)
161*
TSI
22.96*
*measured

Fuel Properties
49.51* 49.1*
0.74
0.78
44.1
43.4
2
1.86
122
133
14.6 28.94

49.28* 49.4* 49.36*
0.802 0.774 0.805
43.2
44.1
43.7
1.79
1.98
1.93
144
142
157
35.27 16.32 22.19

8.5 Results and Discussion
8.5.1 Distillation Curves for Surrogate Fuels and JP-8

Figure 8.2 Comparison of distillation curves developed using HYSYS simulation and SwRI
experimental results for three surrogate fuels
Prior to simulating the distillation curves for the surrogate fuels developed in this
investigation, the accuracy of Aspen HYSYS software in calculating the distillation
curves was determined by comparing the calculated results with measurements made
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at SWRI for three surrogates. The calculated and measured distillation curves for SF1,
SF2, and SF3 are given in Figure 8.2 and show a fairly good agreement. Thus, Aspen
HYSYS software has been used in this investigation for the rest of the surrogates.

Figure 8.3 Comparison of distillation curves between JP-8 and surrogate fuels
The distillation curves calculated using Aspen HYSYS software for the five
surrogate fuels of Table 8.1 are shown in Figure 8.3, along with the curve measured for
JP-8. SF1 is the most volatile surrogate fuel, followed by SF4. The high volatility of SF1
is related to high volatility of its components, such as 2,2,4-trimethylpentane and
toluene, which affects the volatility particularly at low temperatures. It is worth noting
that low temperature evaporation is very critical to diesel engine performance [241]. The
SF2 shows almost a straight line due to the close boiling points of 1,2,4trimethylbenzene (169 ºC) and n-decane (174 ºC) [242]. SF3 shows a very close trend
to JP-8 with a difference of about 10 ºC. With an increasing number of surrogate
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components, a better fit of the distillation curve was achieved such as with SF5 which
matches the JP-8 curve from the initial to final boiling points.

8.5.2 Optically Accessible Rapid Compression Machine
The effects of volatility on the spray characteristics of each surrogate fuel and
JP-8 were examined in the RCM at a charge pressure of 15 bar and a temperature of
600 K. The SOI was determined in the images by one frame prior to the first
appearance of the initial jet. The high-speed Schlieren images were processed to obtain
the spray penetration and projected vapor area. The raw Schlieren images showed a
dark vaporized jet over a bright background, which is difficult to analyze because the
background is not uniformly bright between each test. Furthermore, it is quite
challenging to define the vapor boundary just based on raw images. Thus, in the current
study, a MATLAB based image processing code has been developed for this analysis
[151]. A raw image was subtracted from a background image to reduce the effect of
inhomogeneity of the light source, which also eliminated black spots caused by dust on
the windows and the lens. In addition, a threshold (7% of maximum intensity) was
applied for boundary calculation. In this study, spray penetration was defined as the
length from the nozzle tip to the tip of the spray plumes, which indicates how far the
spray travels with respect to time. Further, the averaged penetrations of the fuels are
compared and will be discussed in a later part of this dissertation. It should be noted
that the Schlieren spray images include liquid and vapor phases.
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Figure 8.4 Comparison of raw, background-subtracted, and binary images between JP-8 and surrogate
fuels

175
Figure 8.4 shows raw images with dark spray and bright background,
background-subtracted images with gray scale spray and dark background, and binary
images with white spray and black background for JP-8 and its surrogate fuels at each
corresponding time. The projected areas of each fuel are clearly visible, and the
boundaries of fuel vapor are in red. In addition, the liquid region appears darker in the
Schlieren images. At the early stage of injection events, most of the vapor accumulates
at the sides of the spray until 0.7 ms after SOI because air entrainment occurs in spray
envelops. Due to the expanding vapor cloud and mixing by more air entrainment, spray
shapes are changed gradually and distinguished among different fuels. For instance,
the SF1 is observed to have more plumes than the SF5 at 1.7 ms after SOI, compared
to JP-8, and it is evident that the SF1 has the largest projected area and the shortest
vapor penetration in the images. On the contrary, the SF3 and SF5 exhibit vapor
penetration and projected areas similar to that of JP-8.

Figure 8.5 Comparison of vapor penetrations between JP-8 and surrogate fuels
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Figure 8.6 Comparison of projected areas between JP-8 and surrogate fuels
The comparison of vapor penetrations and projected areas among fuels is shown
in Figures 8.5 and 8.6, which show the results averaged from 5 tests for each fuel. It is
observed that spray penetrations were identical for all fuels up to about 0.7 ms. After
that, the SF1 started to slow down on the penetration but increased in the projected
area. On the other hand, the penetrations of the SF3 and SF5 traveled ahead with
relatively small projected areas, and their spray characteristics were close to that of JP8 during the same time frame, as shown in Figure 8.4. In addition, the SF4 and SF2
produced slightly longer penetrations than the SF1, but there was no significant
difference between them, and the projected area of the SF4 is less than the SF1, but
more than the SF2. It can be concluded that the SF1 is the most volatile followed by the
SF4 and SF2. Conversely, the SF3 and SF5 reveal a similar volatility to that of JP-8.
Furthermore, the results of the Schlieren images are consistent with the distillation
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curves of the fuels. In addition, the unavoidable injection-to-injection variations in the
analysis can add potential error into the data.
Figures 8.7 and 8.8 are 3D plots of spray penetration and projected area against
boiling point of pure components at different volume fractions. It is noticed that vapor
penetration increases with increasing the volume percentage of high boiling point
components into the surrogate fuel. On the contrary, projected area increases with
adding low boiling point pure compounds into the surrogate fuel. It should be noted that
it is not a linear relationship between the volume fraction of components with different
boiling point and spray penetration or projected area, due to the interaction effect of
vapor pressure on boiling point between each pure compound according to Raoult’s
Law [243].

Figure 8.7 3D plot of spray penetration, boiling point and volume fraction of pure
components
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Figure 8.8 3D plot of projected area, boiling point and volume fraction of pure components
The findings of the vapor penetration and projected areas of different surrogate
fuels are important in diesel engine applications since jet-jet interaction, wall
impingement and wetting issues need to be considered for different volatility surrogate
fuels in engine cylinders.

8.5.3 Ignition Quality Tester
8.5.3.1 Effect of Volatility on Evaporation Process
In order to investigate the effect of volatility on changes in local temperature
during evaporation process, the surrogate fuels and JP-8 were injected into a nitrogen
charge where the autoignition reactions are absent, except for the endothermic fuel
dissociation process. It should be noted that the drop in the pressure, RHR and

179
temperature traces due to endothermic dissociation reactions is insignificant if
compared with the drop due to the vaporization in the IQT, which has been discussed in
the earlier chapters and publication [190].

Figure 8.9 a & b Comparison of temperature profiles between JP-8 and surrogate fuels at
780 and 845 K

180
Figure 8.9 shows the measured temperature profiles for JP-8 and surrogate fuels
injected into nitrogen. These temperatures were measured by the local thermocouple as
shown in Figure 3.10. It can be observed that the SF1 shows the greatest decrease in
temperature profile at both 780 and 845 K due to its high vaporization rate, resulting in
more heat absorption at a certain time. In contrast, the temperatures of the SF3 and
SF5 were reduced less and exhibit traces similar to that of JP-8, indicating lower
volatility than other surrogate fuels. Furthermore, the SF4 shows a higher temperature
than the SF1 but lower than that of the SF2 at 780 K. It also shows a close trend of the
SF2 and SF4 at 845 K. It should be noted that autoignition takes place locally, and ID is
exponentially dependent on the reciprocal of the absolute temperature. Therefore, the
volatility of a surrogate fuel is very important because it has an impact on the local
temperature during evaporation and autoignition reactions are very sensitive to the local
temperature.
8.5.3.2 Effect of Volatility on Autoignition and Combustion Characteristics
The time histories of the gas pressure, N.L., and RHR traces are shown in Figure
8.10 for JP-8 and surrogate fuels at different test temperatures. In this analysis, JP-8 is
considered the baseline fuel for comparison with the other surrogate fuels. The figure
shows that, for all the fuels, SOI occurs at 1.8 ms and the main injection process is
completed in about 2 ms before the rise in pressure due to autoignition. As expected, all
the surrogate fuels produced similar IDs to that of JP-8 because the DCNs were kept as
same. However, the SF1 produced a significantly higher peak of RHR, as did the SF4,
when compared with JP-8. This is due to the fact that these two surrogate fuels contain
low boiling point components such as 2,2,4-trimethylpentane (98.5ºC), toluene
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(110.5ºC), and methylcyclohexane (101 ºC) [242], which affect the overall volatility of a
fuel. Moreover, high volatility enhances fuel evaporation and the formation of a more
homogenous premixed charge [10], which results in a shaper pressure rise and higher
peak pressure. The SF2 produced a slightly higher peak pressure and RHR, because it
is more volatile than JP-8. It should be noted that the SF2 has a higher boiling
temperature than the SF4 before 30% distillate volume but lower after that, as shown in
Figure 8.3. Even though the SF4 matches JP-8 in terms of temperature at 50% distillate
volume (T50), it still produced a higher peak of RHR than the SF2. This indicates that
the low boiling point component of a surrogate fuel is very important for autoignition and
combustion characteristics, particularly during the low temperature evaporation and
combustible mixture preparation period. Moreover, T50 is not a suitable parameter of
volatility considered in the development of surrogate for diesel engine applications.
Furthermore, the pressure and RHR traces of SF3 and SF5 agree very well with JP-8
pressure, indicating that their volatility and the characteristics of autoignition and
combustion are similar to those of the baseline fuel. The main difference between the
SF3 and SF5 is the ID at the low charge temperature. In addition, the results obtained
from pressure and RHR traces show the same volatility trend of each surrogate fuel as
in previous sections.
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Figure 8.10a Comparison of pressure, needlelift, RHR between JP-8 and SF1 at different
temperatures

Figure 8.10b Comparison of pressure, needlelift, RHR between JP-8 and SF2 at different
temperatures
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Figure 8.10c Comparison of pressure, needlelift, RHR between JP-8 and SF3 at different
temperatures

Figure 8.10d Comparison of pressure, needlelift, RHR between JP-8 and SF4 at different
temperatures
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Figure 8.10e Comparison of pressure, needlelift, RHR between JP-8 and SF5 at different
temperatures
Figure 8.11 shows the normalized RHR integral for different fuels, from the start
of injection to the end of combustion along with the premixed combustion fraction. The
SF1 has the highest premixed combustion fraction of 76.5% among all the fuels, while
the SF5 has the lowest fraction of 69.5%, which is very close to that of JP-8.
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Figure 8.11 Normalized integral RHR between JP-8 and surrogate fuels
Therefore, the effect of volatility on autoignition and combustion characteristics of
different surrogate fuels is very strong in diesel engines and should be given a high
priority in choosing the surrogate components. Volatility has a direct impact on the
premixed combustion fraction, rate of pressure rise, peak gas pressure, thermal
efficiency and engine-out emissions, as well as noise and vibration.
8.5.3.3 Arrhenius Plot and Activation Energy
A series of tests were conducted at different charge temperature between 778
and 848 K by controlling the chamber skin temperature. All the tests were conducted at
a constant charge density of 8.9 kg/m3. The traces were analyzed, and the chemical
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delays were determined for JP-8 and surrogate fuels at different charge temperatures
by using the methodology introduced in Chapter 4. The values of chemical delay for
each fuel are shown in Table 8.2.
Table 8.2 Chemical ignition delays for JP-8 and surrogate fuels at different charge
temperatures

T (K)
778
798
813
828
848

Chemical Ignition Delay (ms)
JP-8
SF1
SF2
SF3
2.34
2.42
2.6
2.42
2.02
1.98
2.3
2.14
1.82
1.8
2.08
1.94
1.7
1.66
1.88
1.82
1.58
1.54
1.74
1.64

SF4
2.44
2.1
1.9
1.74
1.6

SF5
2.34
2.02
1.8
1.68
1.56

The Arrhenius plot is developed of the natural logarithm chemical ID versus the
reciprocal of the absolute integrated mean temperature (in Kelvin) during the chemical
ID period. The apparent activation energies can be determined from Eqn. 8.7.

It should be noted that the activation energies calculated based on Figure 8.12
do not represent elementary chemical reactions but a large number of known, unknown,
simple and complex chemical reactions that occur during the autoignition process [109].
The apparent activation energies, Ea, of different fuels calculated based on Figure 8.12
are shown in Table 8.3

187

Figure 8.12 Arrhenius plot based on chemical ignition delay versus mean temperature for
JP-8 and surrogate fuels
Table 8.3 Apparent activation energy based on chemical delay for JP-8 and surrogates
Fuel
JP-8
SF1
SF2
SF3
SF4
SF5

Apparent Activation Energy Ea (kJ/mol)
23.19
26.54
23.54
23.47
25.25
23.50

Table 8.3 shows that JP-8 has activation energy of 23.19 kJ/mole. Meanwhile,
the SF2, SF3 and SF5 have activation energies close to that of JP-8. On the contrary,
the SF1 has the highest activation energy of 26.54 kJ/mole, followed by the SF4, with
activation energy of 25.25 kJ/mole. The possible reason is that high activation energy

188
components were added to the surrogates such as 2,2,4-trimethylpentane (141
kJ/mole) [244] and toluene (243.1 kJ/mole) [245]. It should be noted that a fuel with a
higher activation energy is more sensitive to the change in temperature.
The findings of the apparent activation energy of different surrogate fuels are
important in diesel engine applications since the same CN fuels do not always produce
the same ID in different engine operating conditions; however, the activation energy can
be correlated with CN [53, 56]. Therefore, activation energy could be considered as a
parameter of surrogate development for diesel engine applications.

8.5.4 PNGV Single Cylinder Diesel Engine
In this section, SF3 was selected for the engine validation at steady state
operating conditions, such as IMEP of 3 bar, injection pressure of 800 bar, intake
pressure of 1.2 bar, intake air temperature of 30 ºC, SOI of -2, 0, and 2 CAD aTDC, and
engine speed of 1500 RPM. The autoignition, combustion, and emission characteristics
of SF3 were compared to that of target JP-8. An average of 5 data sets from HORIBA
and SMPS test bench is presented in this section.
8.5.4.1 Autoignition and Combustion Characteristics
The in-cylinder pressure, N.L., and RHR traces of JP-8 and SF3 with respect to
CAD at three different SOIs are shown in Figures 8.13 a, b & c. It is observed a good
agreement between the pressure, N.L., and RHR traces of JP-8 and SF3 at different
injection timings. Moreover, the similar N.L. signals between the JP-8 and SF3 in terms
of SOI, injection duration, and the end of injection indicates almost same amount fuel
injected into the cylinder due to their close density as mentioned in the previous section.
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Figure 8.13a Comparison of in-cylinder pressure, N.L. and RHR between JP-8 and SF3 at
SOI of -2 CAD aTDC

Figure 8.13b Comparison of in-cylinder pressure, N.L. and RHR between JP-8 and SF3 at
SOI of 0 CAD aTDC
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Figure 8.13c Comparison of in-cylinder pressure, N.L. and RHR between JP-8 and SF3 at
SOI of 2 CAD aTDC
It can be observed that there is a drop in RHR, which is mainly caused by the
heat transferred from the charge air to fuel droplets for liquid heating, evaporation, and
some endothermic reactions. The area of the drop is mainly due to the combination of
two factors: (i) the evaporation rate of the fuel caused by its volatility, (ii) the rate of
exothermic reactions caused by the molecular structure. The area of the drop for JP-8
and SF3 at three SOIs are listed in Table 8.4. It is noticed that the drop area of SF3 is
smaller than that of JP-8 at all injection timings. It suggests that exothermic reactions of
SF3 start earlier and faster than that of JP-8 although SF3 is more volatile than JP-8 as
shown in Figure 8.3. The possible reason could be SF3 contain 60% of n-dodecane,
which has DCN of 78 [220]. And n-paraffin tend to initiate autoignition reactions earlier
as well as the faster reaction rate [215, 218].
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Table 8.4 Area of drop for JP-8 and SF3 at different SOI
Fuel
JP-8
SF3

ID at SOI -2° aTDC
(J)
5.29
4.47

ID at SOI 0° aTDC
(J)
7.00
5.62

ID at SOI 2° aTDC
(J)
7.66
5.64

The definition of ID is the time elapsed from SOI to SOC. In this study, the SOC
is defined as the point, at which dP/dӨ switches from a negative value to a positive
value in the firing pressure trace, as shown in Figure 7.1 of Chapter 7. Table 8.5 lists
the ID values for JP-8 and SF3 at three different SOIs. It is observed that the JP-8 and
the SF3 have almost same ID at SOI of -2 CAD aTDC, and very close ID at 0 CAD
aTDC. The slightly large difference in ID is 0.7 CAD at late SOI of 2 CAD aTDC.
Table 8.5 Ignition delay for JP-8 and SF3 at different SOI
Fuel
JP-8
SF3

ID at SOI -2° aTDC
(CAD)
5.8
6

ID at SOI 0° aTDC
(CAD)
6.8
6.3

ID at SOI 2° aTDC
(CAD)
8
7.3

The discrepancy of ID for JP-8 and SF3 at late injection timing could be attributed
to the following three factors: (i) The SF3 is slightly more volatile than JP-8, as shown in
the distillation curves of Figure 8.3. The effect of volatility on ID is extended at relatively
lower charge temperature due to late injection event. Hence, the evaporation rate of JP8 is slower than that of SF3, affecting the autoignition process. (ii) The active
exothermic reactions of SF3 take place earlier and faster due to containing 60% ndodecane in the surrogate composition. It should be noted that the tendency to advance
high temperature heat release is maximum for n-paraffin, followed by iso-paraffin and
cyclo-paraffin [246]. On the other hand, JP-8 just contains approximate 9.2% n-paraffin,
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as shown in Appendix, resulting in slightly longer ID at late injection case. (iii) Fuels with
same CN may produce different ID at different operating conditions [53, 56] due to the
different compositions and molecular structure between JP-8 and SF3.
Table 8.6 gives the heat release in premixed combustion, along with the
premixed burn fraction at different operation conditions. The premixed burn fractions are
proportional to the length of the IDs at different injection events for JP-8 and SF3
respectively. And the energy release from premixed combustion and premixed burn
fraction are in a good agreement between the two fuels.
Table 8.6 Premixed combustion fraction for JP-8 and SF3 at different SOI

Fuel
JP-8
SF3

SOI -2° aTDC
SOI 0° aTDC
SOI 2° aTDC
Premixed Premixed Premixed Premixed Premixed Premixed
(J)
fraction
(J)
fraction
(J)
fraction
1873.8
74.6%
1980.4
76.8%
2079.8
78.4%
1882.7
73.3%
1962.4
76.3%
2083.9
79.1%

8.5.4.2 Engine-Out Emissions
Figure 8.14 shows CO emission column chart at different injection timing for JP-8
and SF3. It is observed that the CO values of SF3 are very close to that of JP-8, and the
increasing CO emission trend of SF3 is well captured with retarded the SOI, compared
to that of JP-8. It is due to the similar ID and premixed burn fraction at these operating
conditions. Furthermore, it is interesting to notice that JP-8 produced slightly lower CO
at SOI of -2 and 0 CAD aTDC, but higher CO than SF3 at SOI of 2 CAD aTDC. It is
because of slightly longer ID of JP-8 at this condition, resulting in lower gas temperature
and poorer oxidation condition that left over more CO in the expansion stroke.
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Figure 8.14 CO emission versus injection timing for JP-8 and SF3

Figure 8.15 HC emission versus injection timing for JP-8 and SF3
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Similarly, HC emissions increase with retarded injection timing, as shown in
Figure 8.15. It can be explained by the incomplete combustion is more for long ID, and
oxidation temperature is low for late combustion. The overall HC emission trend is very
well captured by SF3, compared to the target JP-8.

Figure 8.16 NOx emission versus injection timing for JP-8 and SF3
Figure 8.16 shows a decreasing trend in NOx with retarded injection timing for
both JP-8 and SF3. This is attributed to the late combustion, resulting in the drop of gas
temperatures. It is observed that the higher NOx of JP-8 at SOI of -2 CAD aTDC than
that of SF3. This can be explained by the marginally higher peak of RHR, premixed
burn fraction, and probably higher mass average cylinder temperature leading to higher
NOx emissions, as shown in Figure 8.13a and Table 8.6.

195

Figure 8.17a Average particulate number distribution for JP-8 and SF3 at SOI of -2 CAD
aTDC

Figure 8.17b Average particulate number distribution for JP-8 and SF3 at SOI of 0 CAD
aTDC
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Figure 8.17c Average particulate number distribution for JP-8 and SF3 at SOI of 2 CAD
aTDC
The PM number density distribution for JP-8 and SF3 is plotted against particle
size at SOI of -2, 0, and 2 CAD aTDC, as shown in Figures 8.17 a, b & c. This data was
recorded using the long-DMA and low flow, as explained in the previous section. As
seen, neither JP-8 nor SF3 produces NMPs under these operating conditions. It is also
observed that the peak number concentration of diameter distribution for both JP-8 and
SF3 decreases with retarded injection timing, indicating a decrease in AMPs. It is due to
long ID at late injection case, resulting in more homogeneity mixture that reduces the
soot formation.
Moreover, it is noticed that SF3 produced less number density at all different
injection timings although the TSI value of SF3 (35.27) is much higher than that of the
JP-8 (22.96), as shown in Table 8.1. This is attributed to that the soot formation in diesel
engines can be affected not only by the molecular structure, such as aromatic content,
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but also by the combustion process, such as diffusion combustion and dehydrogenation
of fuel droplet. The T90 point of SF3 is about 10 °C lower than JP-8, as shown in Figure
8.3, which can cause the less PM emission of SF3 than JP-8 [129, 247]. Thus, it
indicates that the TSI is not a suitable parameter of soot formation considered in the
development of surrogate for diesel engine applications.

8.6 Conclusions of Chapter 8
The role of volatility in the development of a JP-8 surrogate for diesel engine
application was investigated in the IQT and the optically accessible RCM. Five different
surrogate fuels were tested to determine the effect of volatility on spray penetration,
projected area, the drop in local charge temperature due to spray evaporation, RHR,
and activation energy for the global autoignition reactions. Meanwhile, several
properties of surrogates, such as DCN, density, LHV, H/C, MW, and TSI, were kept
close to the target JP-8 to highlight the volatility effects. In addition, combustion and
emission characteristics of SF3 were examined in the PNGV single cylinder diesel
engine at different operating conditions. The following conclusions can be made based
on the current investigations:


The predicted distillation curves from Aspen HYSYS software agree very well
with the experimental data. This software is recommended for use in the
development of surrogate for diesel engine application.



The higher volatility surrogate fuel shows a shorter spray penetration and a larger
projected area than the lower volatility surrogate fuel.
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The local temperature of the higher volatility surrogate fuel drops at a faster rate
due to a higher vaporization rate. The rate of the autoignition reactions is very
sensitive to the local charge temperature.



The more volatile surrogate fuel produces a higher premixed combustion fraction
which results in higher peak of RHR compared to other surrogate fuels.



Temperature at 50% distillate volume (T50) is not the best indicator of the
volatility, and TSI is not a suitable parameter of soot formation considered in the
development of surrogate for diesel engine applications.



The boiling point of a pure component affects the spray penetration and
projected area of a surrogate fuel, as well as autoignition and combustion
characteristics, particularly during the low temperature evaporation and
combustible mixture preparation period.



The apparent activation energy of the global autoignition reactions could be
considered as an additional parameter of surrogate development for diesel
engine applications.



The SF3 and SF5 demonstrated a fairly good agreement with JP-8 in terms of
spray dynamics in the RCM and autoignition characteristics in the IQT. The main
difference between the SF3 and SF5 is the ID at the low charge temperature.



SF3 produced similar combustion and emission behavior to JP-8 under different
engine operating conditions, in terms of ID, pressure, RHR, and emissions.



Considering the trade-off between the accuracy and the cost, SF3 might be a
reasonable choice for future computational simulations.
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CHAPTER 9
CONCLUSIONS AND RECOMMENDATIONS
9.1 Conclusions
9.1.1 Analysis of Autoignition Process in the Ignition Quality Tester


The physical and chemical delays have been separated in the IQT by injecting
fuel into air and nitrogen, respectively. And point of inflection, physical ID and
chemical ID are defined experimentally.



The physical delay period in IQT is a major part of the total ignition delay
period, which is not the case in diesel engines.



The 3D CFD IQT model is developed and the simulation findings agree well
with the experimental data.



The simulation results suggest that OH is one of the important indicators for the
start of high temperature combustion.

9.1.2 Autoignition and Combustion Characteristics of Alternative
Fuels


The low DCN fuels, such as Sasol IPK, G89, and G93, exhibits two-stage
autoignition process, particularly at low charge temperatures, which is not the
case for other high DCN fuels.
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The apparent activation energy calculated from the total ignition delay does not
always follow the inverse relationship with the DCNs for the tested fuels.
However, the apparent activation energy calculated from the chemical delay
has proved to be in an inverse relationship with the DCNs of the tested fuels.



An inversely proportional relationship is established between the apparent
activation energy based on chemical delay and the DCN for the fuels tested in
the investigation, as shown below.

9.1.3 Effect of Cetane Improver on Low CN Sasol IPK


The decrease in ID is not linear with the increase in the percentage of the
cetane improver. Further, the rate of decrease in ID reduces gradually with the
increase in percentage of the additive.



The cetane improver accelerates early initiation reactions, leading to the LT
regimes, as well as exothermic reactions, leading to the high temperature
combustion.



Treating the fuel with the additive reduced the ID at different charge
temperatures. However, the LT regimes observed in the autoignition of the
base fuel are present with the treated fuel. Moreover, LT regimes do not only
depend on the DCN of a fuel but also are the characteristics of the bulk fuel.



Both CO and HC emissions decrease with the increase in the concentration of
cetane improver, and the reduction is more significant at high injection pressure
operating condition.
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NOx and PM emissions increase simultaneously with the increase in the
percentage of CN additive, and the degree of increase is more at high injection
pressure operating condition.



The apparent activation energy decreases linearly with the increase in the
percentage of the added cetane improver.

9.1.4 Role of Volatility in the Development of JP-8 Surrogate for Diesel
Engine Applications


The more volatile surrogate fuel produces a higher premixed combustion
fraction which results in higher peak of RHR compared to other surrogate fuels.



The boiling point of a pure component affects the spray penetration and
projected area of a surrogate fuel, as well as autoignition and combustion
characteristics, particularly during the low temperature evaporation and
combustible mixture preparation period.



Temperature at 50% distillate volume (T50) is not the best indicator of the
volatility, and TSI is not a suitable parameter of soot formation considered in
the development of surrogate for diesel engine applications.



The SF3 and SF5 demonstrated a fairly good agreement with JP-8 in terms of
spray dynamics in the RCM and autoignition characteristics in the IQT. The
main difference between the SF3 and SF5 is the ID at the low charge
temperature.



SF3 produced similar combustion and emission behavior to JP-8 under
different engine operating conditions, in terms of ID, pressure, RHR, and
emissions.
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Considering the trade-off between the accuracy and the cost, SF3 might be a
reasonable choice for future computational simulations.

9.2 Recommendations


Expand the engine operating condition, such as injection pressure, load, and
swirl ratio to validate the SF3 in terms of pressure, rate of heat release and
emissions.



Study the role of diffusion process in PM emission



Develop a correlation between T90 and PM emissions in diesel engines that
can be used for surrogate development.



Improve the DCN calculation formula for surrogate development



Develop the surrogate for other alternative fuels, such as Sasol IPK and
biodiesel.



Reduce the detail mechanism of SF3 for 3-D simulation to predict engine
performance, emissions and etc.
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APPENDIX A
Table A.1 Properties for different fuels
Fuel
D613 CN
D6890 DCN
Flash point (°C) min
Density (@15°C) kg/m3
Viscosity (cSt @ 40°C)
Heating Value (MJ/kg)
Aromatic Content (%Mass)

ULSD
42.3
42.1
69
842
2.438
41.2
27.8

JP-8
49
50.1
49.5
802
1.367
43.2
16.3

Sasol IPK
25.4
31.1
42
755
1.125
44.0
0.2

Figure A.1 Distillation curves for different fuels

S-8
61
58.4
44.5
754
1.291
44.1
0
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APPENDIX B
Table B.1 Properties of 2-ethylhexyl nitrate (2-EHN) additive
Properties of 2- ethylhexyl nitrate (2EHN) additive
IUPAC name
2- ethylhexyl nitrate (2EHN)
Molecular formula
C8H17NO3
Molecular weight
175.23
Flash point
>70°C (closed-cup)
<-45°C
Freezing point
>100°C (decomposes)
Boiling point
27Pa@20°C
Vapor pressure
Vapor pressure
40-53Pa@40°C
Vapor pressure
1.33Pa@82°C
0.96g/ml@20°C
Density
1.8cSt@20°C
Kinematic viscosity
Solubility in water
12.6g/ml@20°C
Heat of vaporization
368kJ/kg
Coefficient of thermal expansion
1.010
(between 10 °C and 20 °C at atmospheric pressure)
130°C -( decomposes)
Auto/Self ignition temperature
>100°C
Decomposition temperature
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APPENDIX C
Table C.1 Properties of JP-8

Derived Cetane Number
Density (g/ml)
Hydrogen/Carbon Ratio
Lower Heating Value (MJ/kg)
Molecular Weight (g/mol)
Threshold Sooting Index
n-alkanes (%vol)
Iso-alkanes (%vol)
Cyclo-alkane (%vol)
Aromatics (%vol)
Other (%vol)

Test Method
ASTM D6890
ASTM D1298
ASTM D5291
ASTM D3338
CORE*
ASTM D1322
ASTM D2425
ASTM D2425
ASTM D2425
ASTM D2425
ASTM D2425

JP-8
49.24
0.802
1.93
43.2
161
22.96
9.2
29.8
44.5
12.6
3.9
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Table C.2 Properties of pure component
Molecular
Formula

CAS
Number

n-hexadecane

C16H34

554-76-3

n-dodecane

C12H26

112-40-3

n-decane

C10H22

124-18-5

C16H34

4390-04-9

C8H18

540-84-1

C10H18

91-17-8

methylcyclohexane

C7H14

108-87-2

1,2,4-trimethylbenzene

C9H12

95-63-6

m-xylene

C8H10

108-38-3

toluene

C7H8

108-88-3

Compound Name

2,2,4,4,6,8,8heptamethylnonane
(iso-cetane)
2,2,4 –
trimethylpentane
(iso-octane)
decahydronaphthalene
(decalin)

Molecular
Structure
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Diesel engine has become a popular choice for trucks, trains, boats, and most
other heavy-duty applications. The inherent benefits of diesel engine are high thermal
efficiency and specific power output, but there is a concern about high levels of engineout NOx and particulate matter emissions, which is a major contributor in environment
pollution. Moreover, concern about the crisis of crude oil reserves, increasing gas price,
trade deficit, and homeland security enhances the interests in alternative fuels.
Unlike conventional diesel fuel, alternative fuels have wide range of properties,
such as volatility, cetane number, density, viscosity and lower heating value, which
influence the behavior of fuel and formation of products. Therefore, it is necessary to
understand the effect of these fuel properties on autoignition, combustion, performance,
and emissions under compression ignition conditions to evaluate the operational
capability of diesel engines fueled with alternative fuels.
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This dissertation covers a detailed investigation of the autoignition, combustion,
and emission characteristics of alternative fuels and their surrogates in a constant
volume vessel of Ignition Quality Tester (IQT), optically accessible rapid compression
machine (RCM), and Partnership for Next Generation of Vehicle (PNGV) single cylinder
diesel engine. Experimental data and simulation results indicate that the fuel properties,
such as cetane number and volatility, influence the autoignition and combustion
processes in diesel engine environment.
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